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Enveloped viruses enter cells by membrane fusion. The viral membrane fuses with a host
membrane, either at the cell surface or within endocytic compartments. For endocytic
entry, fusion is typically triggered by low pH and often requires proteolytic priming by
compartment-specific host proteases, which together define the site and mechanism of
fusion and shape viral tropism. Inhibition of the lipid kinase PIKfyve, which generates
PI(5)P and PI(3,5)P, in late endosomes and lysosomes, swells those compartments
and blocks infection by a subset of enveloped viruses, including Ebola virus, Marburg
virus, coronaviruses (SARS-CoV-2), and VSV chimeras bearing Ebola, SARS-CoV-2,
or Lassa glycoproteins, while showing minor effects on HIN1 influenza and no effect
on VSV or VSV-rabies chimeras. In the work reported here, we have determined the
basis for selectivity. We show that swelling of late endosomes/lysosomes, independent
of changes in lipid composition or altered virion trafficking, is sufficient to block virus—
endosome fusion and genome release, even when endosomal acidity is preserved. Acute
PIKfyve inhibition with apilimod or brief hypotonic treatment produced endosomal
swelling and impaired infection by interrupting a late endosomal entry step. Live-cell
three-dimensional lattice light-sheet fluorescence microscopy imaging tracked fluores-
cent virions accumulating and arresting in late endosomes prior to fusion, and single-cell,
single-round assays confirmed loss of infectivity. These data support a simple biophysical
mechanism: endo-lysosomal swelling, likely increasing endosomal membrane tension,
creates an energy barrier to fusion and genome release. Inducing such swelling may offer
a general strategy to inhibit viruses that depend on late endosomal entry.

viral entry | PIKfyve inhibition | endosomal fusion | membrane tension |
lattice light-sheet microscopy

Enveloped viruses initiate infection by fusing their membrane with a host-cell membrane,
delivering their genetic material into the cytosol [see review (1)]. This fusion can occur at
the plasma membrane or within endocytic compartments. For many viruses, including
filoviruses and coronaviruses that rely on endocytosis, fusion is typically triggered by low
endosomal pH and often requires proteolytic priming of viral glycoproteins by endosomal
resident host proteases; for some, an additional host factor in the endolysosomal com-
partment is required [see reviews (2-5)]. These spatial and pH dependencies define the
site and mechanism of fusion during the early steps of infection, and, ultimately, determine
viral tropism and infectivity.

PIKfyve, a lipid kinase on late endosomal and lysosomal membranes, generates phos-
phatidylinositol 3,5-bisphosphate [PI(3,5)P,] and phosphatidylinositol 5-phosphate [PI(5)
P,] (6). Its depletion or pharmacological inhibition produces enlarged late endosomes
and lysosomes and decreases PI(5)P and PI(3,5)P, while increasing PI3P levels by pre-
venting its conversion into PI(3,5)P, (7-10); the organelle specificity of these alterations
has been confirmed by the localization of optical phosphoinositide biosensors by fluo-
rescence microscopy (11). PIKfyve inhibition blocks infection by a subset of enveloped
viruses at early stages of entry. For example, treatment with the PIKfyve inhibitor
apilimod prevents GP-mediated entry of filoviruses and SARS-CoV-2 and for VSV- or
lentivirus-based pseudotypes, without affecting virion uptake or bulk endosomal acidifi-
cation (12, 13). Vacuolin-1, which also targets PIKfyve, similarly suppresses single-cycle
infection by VSV chimeras bearing Ebola or SARS-CoV-2 glycoproteins by preventing
fusion and genome delivery from endolysosomal compartments (13). Other PIKfyve-
directed inhibitors, including YM201636, SGC-PIKFYVE-11, and PIKfyve/PIP5KIC,
inhibit early infection by parental African swine fever virus, enteroviruses, and -
coronaviruses, as well as by SARS-CoV-2 spike—pseudotyped virions (14—17). Together,
these observations support the view that PIKfyve-activity at late endosomes and lysosomes
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is a common requirement for successful viral entry. In contrast,
PIKfyve inhibition has only modest effects on HINT influenza
virus infection (18) and little or no effect on viruses whose entry
occurs in early endosomes, such as VSV and VSV particles bearing
rabies virus G (VSV-RABV) (13).

A recent study identified LYVAC (PDZD8) as the endoplasmic
reticulum (ER)-anchored lipid transfer protein that mediates
ER-to-lysosome lipid transfer at ER—endolysosome contact sites,
enabling osmotic membrane expansion (19). In the absence of
LYVAC, apilimod fails to induce lysosomal swelling, supporting a
model in which vacuolation primarily and the consequent increase
in membrane tension depends on lipid transfer, rather than on loss
of PI3P or PI(3,5)P,. We therefore tested the hypothesis that the
antiviral effect of PIKfyve inhibition by apilimod arises primarily from
a mechanical constraint on virion fusion to the limiting membranes
of the endolysosomal system, rather than from a block in endosomal
trafficking or a change in endosomal phosphoinositide composition.
We combined quantitative infectivity assays with high-precision,
live-cell three-dimensional fluorescence microscopy to track single
virions, allowing direct comparison of the effects of apilimod on VSV,
VSV-ZEBOV, and VSV-SARS-CoV-2 infection.

Because these viruses share an identical VSV backbone, differ-
ences in apilimod sensitivity must arise from how their entry steps
respond to perturbation of PIKfyve activity rather than from
downstream replication events. Entry of VSV is mediated by its
G protein and requires no further proteolysis for activation.
Following clathrin-mediated endocytosis, acidification in early
and early-late endosomes triggers a conformational change in G
that drives membrane fusion (20). In contrast, VSV-ZEBOV
requires two sequential processing steps of its GP: cleavage during
biosynthesis, followed by cathepsin-mediated trimming in late
endosomes or lysosomes to expose the NPCl-binding site.
VSV-SARS-CoV-2 likewise depends on sequential proteolysis of
its spike protein, furin cleavage at S1/S2 during maturation, fol-
lowed by TMPRSS2- or cathepsin-mediated cleavage at S2’ and
on endosomal acidification [see review (21)].

We show here that endosomal swelling, induced either by apil-
imod or by hypoosmotic challenge, correlates with inhibition of
viral fusion, but only for VSV-ZEBOV or VSV-SARS-CoV-2
virions that reach and attempt fusion within swollen compart-
ments. VSV, which enters from early endosomes that do not swell,
escapes this inhibition, as does a subpopulation of VSV-SARS-
CoV-2 virions that fuse in early endosomes. We suggest that under
these swelling conditions, endolysosomes accumulate solute and
water and increase their volume without a fully compensatory
increase in membrane area. The resulting rise in membrane tension
will oppose the local membrane remodeling required for fusion
(1). Increased membrane tension in swollen compartments thus
imposes a physical barrier to fusion and thereby accounts for the
selective sensitivity of certain viruses to PIKfyve inhibition.

Results

Apilimod Inhibits Infection by VSV-eGFP-SARS-CoV-2 and VSV-
MeGFP-ZEBOV but Not by VSV-eGFP-G. We first confirmed that
infection by VSV-SARS-CoV-2 or VSV-ZEBOV requires PIKfyve
activity, whereas infection by VSV-G does not. We inoculated Vero
cells not expressing TMPRSS2 with three recombinant VSVs: i)
VSV-eGFP-G, which expresses soluble eGFP and the parental
VSV-G protein; ii) VSV-eGFP-SARS-CoV-2, which expresses
soluble eGFP and in which the SARS-CoV-2 spike replaces G;
and iii) VSV-MeGFP-ZEBOV, which expresses eGFP fused to

the viral matrix protein (M) and carries the Zaire ebolavirus GP
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instead of G. All three viruses deliver their genomes into the
cytosol via endosomal fusion: for VSV, fusion is directly triggered
by low pH, whereas Ebola and SARS-CoV-2 Spike first require
their proteolytic activation by endosomal proteases, whose activity
also requires low pH (13).

We measured infectivity in Vero cells using a single-cell imaging
assay that reports expression of virally encoded cytosolic eGFP or
MeGFP (13), following the incubation protocol shown in Fig. 14.
To assess the role of endosomal PIKfyve on infection, we treated
the Vero cells with apilimod, a selective inhibitor of PIKfyve lipid
kinase activity (22). As shown in Fig. 1 B-D, apilimod fully inhib-
ited infection by VSV-eGFP-SARS-CoV-2 and VSV-MeGFP-
ZEBOV but had no effect on VSV-eGFP-G.

Compartment-Specific Endosomal Swelling. Apilimod treatment
of SVG-A cells coexpressing gene-edited fluorescent chimeras
of mScarlet-EEA1 (a marker of early endosomes) and NPCl1-
Halo (a marker of late endosomes and lysosomes) causes swelling
of the latter compartment(s), but not of the former (13). We
confirmed here that we can detect this compartment-specific
swelling in SVG-A cells by lattice light-sheet microscopy (LLSM)
(SI Appendix, Fig. S1). After apilimod treatment, endosomes
labeled with mScarlet alone remained as small, diffraction limited
puncta, while those labeled with NPC1-Halo, as well as those
containing both labels, became substantially enlarged.

We examined dose dependence of enlargement as follows. We
loaded cells with Alexa Fluor 568-labeled dextran (Dextran-AF568),
which accumulates in late endosomes and lysosomes, and meas-
ured the radii of individual endolysosomes across a range of apil-
imod concentrations (Fig. 2). In untreated cells, late endosomes
and lysosomes had a narrow distribution of radii centered at
~0.5 um (range 0.3 to 1.0 pm: Fig. 2 Band C). Apilimod induced
a concentration-dependent increase in radius, yielding a bimodal
distribution with peaks centered at ~0.75 pm and at ~1.25 pm.
Applying a 90th percentile cutoff (0.725 pm) to score a position
as “swollen” yielded the dose-dependent frequency of enlargement
shown in Fig. 2 Cand D.

Apilimod-Induced Late-Endosomal Swelling Inhibits Entry
of VSV-MeGFP-ZEBOV and VSV-eGFP-SARS-CoV-2 but Not of
VSV Itself. We verified that incoming VSV-MeGFP-ZEBOV
particles reach NPC-1 compartments under our experimental
conditions by using LLSM with genome-edited SVG-A cells
expressing NPC1-Halo (13) labeled with JaneliaFluorX (JFX)
646 HaloTag ligand. Cells were exposed to virions for 10 min,
washed, and imaged 40 min or 4 h later at 37 °C, according to
the protocol in Fig. 34. At a multiplicity of infection (MOI) of
~0.5, each cell imaged at 40 min postinoculation contained 25 to
30 fluorescent virions in NPCl1-positive compartments (Fig. 3 B
and D). Productive genome entry, monitored by the appearance
of MeGFP fluorescence at the nuclear margin (13), was apparent
4 h postinoculation (Fig. 3E) but not 50 min postinoculation
(Fig. 3B). These observations are consistent with the expectation
that ZEBOV GP fuses from late endosomes (23, 24).

In the presence of 5 pM apilimod, virions trafficked efficiently
to NPCl-positive compartments within 50 min (Fig. 3 C and
D), despite pronounced late endosome and lysosome enlarge-
ment, showing that PIKfyve inhibition had not disrupted traffic
from the cell surface. At 4 h postinoculation, however, the
apilimod-treated cells showed no MeGFP signal at the nuclear
periphery (Fig. 3F) and failed to support infection (Fig. 3G). That
is, PIKfyve inhibition blocked viral genome release from a
(swollen) late endosomal compartment, in agreement with our
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Fig. 1. Apilimod inhibits infection by VSV chimeras bearing SARS-CoV-2 or ZEBOV glycoproteins, but not by VSV-G. (A) Schematic of the infection assay.
Vero cells lacking TMPRSS2 were pretreated with 5 uM apilimod for 1 h, followed by a 30-min incubation with VSV-eGFP-G, VSV-eGFP-SARS-CoV-2, or VSV-
MeGFP-ZEBOV at an approximate MOI of 0.5. in the continued presence of 5 uM apilimod. Unbound virus was removed by three consecutive washes (each
containing 5 uM apilimod), and cells were maintained in 5 uM apilimod throughout the experiment. At 7.5 h postinfection, cells were fixed, and infection was
quantified as the percentage of eGFP-positive cells relative to total nuclei (Hoechst Janelia 646 stain), using automated image analysis encoded by a scriptin FIJI.
(B-D) Representative maximum intensity z-projections (Top) show cytosolic eGFP (green) and nuclear Hoechst Janelia 646 (magenta) in cells infected with the
indicated chimeras, in the presence or absence of apilimod. Quantification (Bottom) shows the percentage of infected cells normalized to the untreated control
for each biological replicate (n = 3; shown in distinct colors). Technical triplicates appear as dots of the same color. Approximately 16,000 cells were analyzed
per condition. Bars represent mean + SD. Statistical significance was assessed by the unpaired t test; ****P < 0.0001. Comparisons with P> 0.05 are not shown.

published observations (13). Infection efficiency decreased with
increasing apilimod concentration and endosomal swelling (Fig. 2
Eand G), further supporting the conclusion that late endosomal
enlargement impairs fusion and genome release.

VSV-SARS-CoV-2 entry can proceed through either a full
low-pH and cathepsin-dependent stage, in cells lacking TMPRSS2,
or a pathway requiring activation by TMPRSS2 on the cell surface
(25-27). SARS-CoV-2 entry is apilimod sensitive in cells that lack
TMPRSS2 (Fig. 1C), but only partially so in cells that express the
protease (28) (Fig. 4, 0% hypo). Thus, when TMPRSS2 is present,
the virus appears to follow both entry pathways, and fusion can occur
cither at the plasma membrane or in early endosomes, after
TMPRSS2 cleavage, or alternatively in acidic late endosomes, fol-
lowing cathepsin activation. In its absence, entry is restricted to the
late endosomal/lysosomal, cathepsin-dependent route.

We confirmed that apilimod does not inhibit infection by
VSV-eGFP-G (Fig. 1B) and correlated its resistance with entry
from early endosomes. We monitored fusion and cytosolic release,
using VSV-PeGFP-G. Expression of eGFP fused to the viral phos-
phoprotein (P) allowed us to discriminate between fluorescent
virions within NPC1-tagged endosomes and those whose genome
was released into the cytosol. SVG-A NPC1-Halo—expressing cells
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were pulse-inoculated and imaged by LLSM at 30- and 40-min
postinoculation, with or without 5 pM apilimod (Fig. 5 A-C).
After 30 min and in both conditions, 8 to 96 virions per cell had
trafficked to NPC1-positive compartments, and ~20% of P-spots
associated with the viral genome had been released into the cytosol
(Fig. 5 D-F). These results indicate that genome release occurs
in early endosomes, with a subset of virions becoming trapped in
late endosomes. The similar fraction of cytosolic particles in
apilimod-treated and untreated cells is consistent with the resist-
ance of VSV-G-mediated infection to PIKfyve inhibition and
agrees with similar results obtained in prior infectivity studies (13).

Endosomal Swelling by Ammonium Accumulation, Not PI(3,5)
P, Loss, Accounts for Blockage of VSV-MeGFP-ZEBOV Infection
by PIKfyve Inhibitors. Under normal conditions, cytosolic
glutamine is converted in mitochondria to glutamate and NH;
which enters endosomes and lysosomes, where acidification by
the endo-lysosomal V-ATPase traps it as NH," (29). PIKfyve
inhibition induces endo-lysosomal swelling through ammonium
accumulation and water influx, an effect prevented by glutamine
withdrawal from the medium (29) or by inhibition of the V-
ATPase (30). We took advantage of this relationship to distinguish
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Fig. 2. Apilimod induces dose-dependent endolysosome enlargement and inhibits VSV-MeGFP-ZEBOV infection. (A) Schematic of the endolysosome
enlargement assay. Vero cells not expressing TMPRSS2 were incubated with 10 uM Alexa Fluor 568-labeled dextran (Dextran-AF568) for 2 h, followed by washes
to remove unbound dextran. Cells were then treated with apilimod at the indicated concentrations for 1 h and imaged live during a 30 min period, also in the
presence of apilimod, using 3D spinning disk confocal microscopy. Dextran-AF568 was used as a fluid-phase marker of endolysosomes. (B) Representative
maximum intensity z-projection images showing Dextran-AF568 signal (yellow) in cells treated with 0, 0.01, 0.05, or 5 uM apilimod. Enlarged endolysosomes
are evident at higher concentrations. (Scale bar, 10 um.) (C) Distribution of endolysosome radii in cells treated with increasing concentrations of apilimod. Solid
lines represent the mean across all cells per condition; shaded regions denote SD. Cell counts: N = 24 (0 uM), 22 (0.01 uM), 29 (0.05 uM), and 24 (5 uM). The gray
shaded rectangular region marks the 90th percentile of endolysosome radii with a radius >0.725 pm in the control group (0 uM apilimod). (D) Percentage of
endolysosomes with a radius > 0.725 um, plotted against apilimod concentration. Bars represent mean + SD. Statistical significance was determined by one-way
ANOVA compared to control; ****P < 0.0001. (E) Schematic of the infection assay. Vero cells not expressing TMPRSS2 were pretreated with 0, 0.005, 0.01, 0.05,
or 5 uM apilimod for 1 h, followed by a 30-min infection with VSV-MeGFP-ZEBOV (MOI ~ 0.5) in the continued presence of apilimod. Unbound virus was removed
by three washes (each containing apilimod), and cells were maintained in drug for the remainder of the experiment. At 7.5 h postinfection, cells were fixed, and
fraction of infected cell was determined by establishing the number of cells expressing MeGFP cytosolic fluorescence with respect to the total number of cells
identified by nuclear staining (Hoechst Janelia 646). Automated analysis was performed using FlJI. (F) Representative maximum intensity z-projections of images
obtained 3D spinning disc confocal fluorescence microscopy showing infected cells (MeGFP, green) and nuclei stained by Hoechst Janelia 646 (magenta) for
each apilimod concentration. (Scale bar, 100 um.) (G) Quantification of infection, plotted as the percentage of infected cells normalized to the untreated control.
Each biological replicate (n = 3) is shown in a different color; technical triplicates are represented as dots of the same color. Approximately 16,000 cells were
analyzed per condition. Bars represent mean + SD. Statistical significance was determined by one-way ANOVA; ****P < (0.0001.

between a biochemical consequence of PI(3,5)P, depletion by To validate our experimental system, we imaged SVG-A cells in
acute apilimod treatment from a broader physical block to  FluoroBrite medium containing apilimod, with or without supple-
infection caused by endosomal swelling, by testing whether the ~ mentation with 4 mM glutamine and FBS. Late endosomes and
blockade of infection could be reversed by limiting ammonium  lysosomes were labeled with internalized Dextran-568 (Fig. 6A4). As
accumulation. expected, apilimod-induced endosomal swelling, visually monitored
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Fig. 3. Apilimod does not impair VSV-MeGFP-ZEBOV trafficking to NPC1 compartments but blocks cytosolic escape and infection. (A) Schematic of the infection
assay. Gene-edited SVG-A cells expressing NPC1-Halo were pretreated with 5 uM apilimod for 1 h, followed by a 10-min incubation with VSV-MeGFP-ZEBOV (MOI
~0.5) in the continued presence of 5 uM apilimod. Unbound virus was removed by three washes (each containing 5 uM apilimod), and cells were maintained
in drug for the remainder of the experiment. Live-cell imaging using LLSM was performed at 50 min and 4 h postinfection. Volumetric time-lapse series were
acquired every 4 s for 10 min. (B and C) Representative maximum intensity z-projections from the first frame of volumetric time series acquired at 50 min
postinfection in (B) absence (control) or presence (C) of 5 uM apilimod. NPC1-Halo labeled with JFX 646 is shown in magenta, and VSV-MeGFP-ZEBOV in green.
(Scale bar, 10 um.) (D) Quantification of NPC1-positive compartments colocalizing with VSV-MeGFP-ZEBOV at 50 min postinfection. Each point represents a
single cell (n = 22 control; n = 46 apilimod-treated). Statistical significance was assessed using an unpaired t test; P> 0.05 was considered not significant and is
not shown. (E and F) Representative maximum intensity z-projections from 4 h postinfection in () absence (control) or presence (F) of 5 uM apilimod. NPC1-Halo
labeled with JFX 646 is shown in magenta, and VSV-MeGFP-ZEBOV in green. (Scale bar, 10 um.) (G) Quantification of number of cells showing viral entry based
on MeGFP signal at the nuclear margin as in panel (). Statistical significance was assessed by the unpaired t test; ****P < 0.0001.

for up to 30 min, was markedly reduced in glutamine-free medium
(Fig. 6B). Based on this observation, we inoculated cells for 30 min
with VSV-MeGFP-ZEBOV in standard buffer (e.g., containing
glutamine), followed by a 30 min incubation with apilimod in the
presence or absence of glutamine. Glutamine and 50 nM apilimod
were then added for the remainder of the assay to restrict the test
of viral entry to the 30 min postinoculation window, comparing
the effect with and without glutamine (Fig. 6C). This step was nec-
essary because prolonged incubation in glutamine-free medium
during early infection blocked synthesis of MeGFP encoded
by VSV-MeGFP-ZEBOV. VSV-MeGFP-ZEBOV infection was
reduced by ~60% in the presence of both glutamine and apilimod
but was minimally affected in glutamine-free medium with apili-
mod (Fig. 6 C-E). These results suggest that inhibition of infection
arises from endosomal swelling itself, rather than from loss of
PI(3,5)P,-dependent signaling.

Hypotonic-induced Endolysosomal Swelling Reduces VSV-
MeGFP-ZEBOV and VSV-eGFP-SARS-CoV-2 Infection. To test
directly whether endolysosomal osmotic swelling impairs
viral entry, we used a nonpharmacological method to enlarge
endosomes and lysosomes during the early phase of infection.
Brief incubation of cells in hypotonic medium induces transient

PNAS 2026 Vol.123 No.19 2535333123

swelling of the cytoplasm and intracellular membrane-bound
compartments, most prominently late endosomes and lysosomes
(31-33). We exploited this osmotic effect to perturb the entry
process of VSV-eGFP-G, VSV-MeGFP-ZEBOV and VSV-
e¢GFP-SARS-CoV-2. A single 30-min hypotonic pulse, initiated
30 min postinoculation, was reversible, did not lead to cell death
(Fig. 4B) consistent with prior reports showing no overt toxicity
from a similar transient osmotic shock (34), and rtargeted the
entry window while minimizing artifacts from subsequent volume
regulation. VSV-eGFP-G infection remained unchanged with or
without the treatment (Fig. 4C).

To quantify endosomal swelling, we incubated Vero cells in
medium diluted with increasing amounts of water and measured
endolysosomal size by spinning-disk confocal imaging of cells
preloaded with Alexa Fluor 568-labeled dextran (Dextran-AF568;
Fig. 7A). Using the same 90th percentile radius cutoff (0.725 pm)
as in the apilimod experiments, we observed a modest increase
in enlarged compartments with 30% dilution and a robust
increase with 60% dilution, whereas 10% dilution had no detect-
able effect (Fig. 7 B-D).

We next tested the impact of this hypotonic swelling on infection.
SVG-A or Vero cells were inoculated with VSV-MeGFP-ZEBOV,
VSV-eGFP-SARS-CoV-2, or VSV-eGFP-G, then subjected to

https://doi.org/10.1073/pnas.2535333123 5 of 12
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Fig. 4. Hypotonic stress partially inhibits VSV-eGFP-SARS-CoV-2 infection via the late endosomal pathway but not early endosome-dependent entry. (A)
Schematic of the infection assay. Vero cells stably expressing TMPRSS2 were pretreated for 1 h with 5 uM apilimod, 5 uM camostat, both, or DMSO vebhicle. Cells
were then incubated with VSV-eGFP-SARS-CoV-2 for 30 min (MOI ~ 0.5) in the continued presence of the same treatment solution. Unbound virus was removed
by three washes, each containing the same treatment. Cells were subsequently exposed to 0% or 60% hypotonic medium for 30 min. After treatment, 5 uM
apilimod and 5 uM camostat were maintained in the culture medium for the remainder of the experiment (Post apilimod + camostat). At 7.5 h postinfection,
cells were fixed, and infection was assessed by quantifying eGFP-positive cells relative to total nuclei (Hoechst Janelia 646 stain). Automated analysis was
performed using FlJl. (B) Representative maximum intensity z-projections show cytosolic eGFP (green) and nuclear Hoechst Janelia 646 (magenta) under the
indicated treatment conditions with apilimod or camostat during virion incubation and hypotonic treatment. (C) Quantification of infection levels. Data are
shown as the percentage of infected cells normalized to untreated control for each biological replicate (n = 3; shown in distinct colors). Technical triplicates are
represented as same-colored dots. Approximately 16,000 cells were analyzed per condition. Bars represent mean + SD. Statistical significance was determined
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using one-way ANOVA; *P < 0.05, ****P < 0.0001. Comparisons with P> 0.05 are not shown.

30-min hypotonic treatments at the indicated dilutions (Figs. 7
E-G and 8). To restrict continued viral fusion after the swelling
phase, we added Bafilomycin Al alone (VSV-G), apilimod alone
(VSV-MeGFP-ZEBOV), or in combination with apilimod
(VSV-SARS-CoV-2) immediately following the hypotonic pulse.
Bafilomycin Al blocks endosomal acidification (35) and thereby
prevents low pH-dependent viral membrane fusion. The combina-
tion of Bafilomycin Al and apilimod inhibited fusion of
VSV-MeGFP-ZEBOV and VSV-eGFP-SARS-CoV-2. Infection
of SVG-A cells by VSV-MeGFP-ZEBOV dropped to ~40% of
control levels following 60% dilution, with no inhibition at lower
dilutions (Fig. 7 F and G). The same treatment in Vero cells sup-
pressed infection by ~50% for both VSV-eGFP-SARS-CoV-2 and
VSV-MeGFP-ZEBOV but had no effect on VSV-eGFP (Fig. 8
B-D). The similarity between these results and those obtained with
apilimod supports the conclusion that late endosomal swelling
mediated by transient hypotonicity rather than inhibition of a spe-
cific biochemical pathway selectively blocks infection by viruses that
require trafficking to late endosomes, preventing membrane fusion
and cytosolic genome delivery.

https://doi.org/10.1073/pnas.2535333123

To test whether hypotonic treatment inhibits infection primar-
ily through late endosomal swelling, we took advantage of the
differential activation of SARS-CoV-2 spike (S): TMPRSS2 acti-
vates S at the cell surface/early endosomes, whereas cathepsins do
so in late endosomes (25-27). In Vero cells ectopically expressing
TMPRSS2, concurrent treatment with camostat (a TMPRSS2
inhibitor that prevents early entry) and apilimod (which blocks
late entry) completely inhibited VSV-SARS-CoV-2 infection
(Fig. 4 A-C) (28). Either compound alone caused the expected
partial inhibition (~60% for apilimod, ~25% for camostat) con-
sistent with additive effects on distinct entry routes (Fig. 4C) (28).

If hypotonic swelling acts primarily in late endosomes, infection
should be strongly inhibited when TMPRSS?2 is absent or blocked
by camostat, and only weakly inhibited when TMPRSS2 is active.
Our results matched these predictions: 60% hypotonic treat-
ment inhibited infection by 50 to 60% either without TMPRSS2
(Fig. 7D) or with TMPRSS2 plus camostat (Fig. 4C), but only by
~20% when TMPRSS2 was present without camostat (Fig. 4C).
Consistent with late-endosomal fusion, combining hypotonic
treatment with apilimod did not further reduce infection (~60%,
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Fig. 5. Cytosolic escape and infection by VSV-eGFP-G are not inhibited
by apilimod. (A) Schematic of the infection assay. Gene-edited SVG-A cells
expressing NPC1-Halo were pretreated with 5 uM apilimod for 1 h, then
incubated with VSV-eGFP-G (MOI ~ 1) for 10 min in the continued presence
of drug. Unbound virus was removed by three washes (each containing 5 uM
apilimod), and cells were maintained in apilimod for the remainder of the
experiment. Live-cell imaging was performed at 30 min postinfection using
LLSM. Volumetric time-lapse series were acquired every 4 s for 10 min. (Band
() Representative maximum intensity projections from the first (30 min) and
last (40 min) frames of the time series in the absence (B) (control) or presence
(C) of 5 uM apilimod. NPC1-Halo labeled with JFX 646 is shown in magenta,
and VSV-eGFP-P-G in green. White arrowheads mark virions localized in the
cytosol. (Scale bar, 10 pm.) (D and E) Quantification of cytosolic VSV-eGFP-
P-G particles per cell at 30 and 40 min postinfection in (D) control and ()
apilimod-treated cells. Lines connect values from the same cell at both time
points. (F) Quantification of the percentage of VSV-eGFP-G particles in the
cytosol, with or without apilimod. Statistical significance was assessed by the
unpaired t test; P> 0.05 was considered not significant and is not shown.

Fig. 4C). Conversely, by preventing early entry, camostat sensitized
infection to hypotonic swelling (~20% without vs. ~ 60% with
camostat, Fig. 4C). Together, these results support our inference
that hypotonic swelling blocks infection by interfering with the
late endosomal entry pathway.

Free and Membrane-Bound VSV-MeGFP-ZEBOV Virions in Swollen
Endosomes. Finally, we assessed whether VSV-MeGFP-ZEBOV
virions remain membrane-bound under swelling conditions
that block infection using live-cell 3D LLSM imaging of virions
within apilimod-induced, enlarged NPC1-Halo containing late
endosomes and lysosomes in SVG-A cells (Figs. 3 Cand Fand 9).
We did not use hypotonic swelling because both transience and
heterogeneity limit resolution and stability during live-cell imaging.
In nonswollen endosomes (~300 to 500 nm diameter), the point-
spread function of the microscope precludes distinguishing virions
at the limiting membrane from those in the lumen (Fig. 3 B and
E). In contrast, apilimod-induced swelling yields larger endosomes
of ~1 pm diameter (Fig. 3 C and F), enabling spatial separation
of membrane-bound and luminal particles (Figs. 3 C and Fand
9). Because these compartments remain acidic (12), we expected
most virions to remain receptor-bound and fusion-competent.

PNAS 2026 Vol.123 No.19 2535333123

We used 3D live-cell LLSM to quantify the movement of flu-
orescent virions inside swollen endolysosomal compartments
labeled with endogenously tagged NPC1-Halo in SVG-A cells
(Fig. 9). Treatment with 5 pM apilimod produced largely immo-
bile enlarged endosomes, in contrast to the dynamic trafficking
observed in untreated cells. Visual inspection of z-projected
3D time series revealed that ~75% of 859 fluorescent VSV-
MeGFP-ZEBQOV virions localized to the lumen while the 25%
remainder colocalized with the limiting membrane (Fig. 9 B, C,
and F). A similar distribution of virions in the lumen was also
observed for VSV-PeGFP-G, which is not sensitive to apilimod
treatment (Fig. 9F). In that case, ~25% of 590 virions remained
membrane bound while the rest were in the lumen. These obser-
vations were unexpected.

To distinguish luminal from membrane-associated behavior,
we tracked the 3D positions of individual VSV-MeGFP-ZEBOV
particles over time. Using time-resolved LLSM at 4-s intervals,
we followed fluorescent virions within swollen compartments and
computed their MSD (representative examples depicted in the
Insets in Fig. 9). Particles localized to the lumen had nearly con-
stant MSD values (Fig. 9B), consistent with the confinement
within a spherical volume, as expected from a plateau value of 6/5
R* (Fig. 9D). In contrast, particles stably associated with the lim-
iting membrane showed constrained motion and MSD profiles
consistent with movement of the surface of a rotating sphere
(Fig. 9 Cand E). Variation in particle and compartment dynamics
resulted in diverse trajectory patterns. We restricted this analysis
to representative examples, as current computational limitations
precluded automated processing of larger datasets.

We interpret these single-virion imaging results as follows. In nor-
mal acidicendosomes, VSV-eGFP-P-G and VSV-MeGFP-ZEBOV
remain stably associated with their respective receptors. VSV-
G-mediated fusion occurs primarily in early endosomes, which are
not subject to osmotic swelling. Because NPC1 is absent from
this compartment, VSV-MeGFP-ZEBOV fusion does not occur
there. As VSV-eGFP-P-G and VSV-MeGFP-ZEBOV virions
traffic further, arrival in swollen late endosomes correlates with a
loss of stable membrane association. We attribute this shift to
increased membrane tension, which could impede viral fusion by
raising the energetic barrier to the membrane deformations
required for hemifusion and full fusion (Discussion).

In the acidic environment of swollen endosomes, unbound viral
glycoproteins in VSV-PeGFP-G or VSV-MeGFP-ZEBOV that
have not yet engaged the limiting membrane may undergo a pre-
mature low pH-induced conformational change, thus making
them unable to rebind and no longer capable of driving fusion.
Our data do not imply that swelling intrinsically impairs
fusion-peptide exposure or insertion for virions that remain mem-
brane engaged; the “bound” population stays attached to the lim-
iting membrane and can, in principle, insert the fusion peptide
upon low-pH activation. Rather, swelling allows us to detect a
“loose” luminal virus population whose GP presumably can
undergo low-pH triggering without membrane contact, leaving
GP in a posttrigger, nonproductive state because the fusion pep-
tide cannot insert into the target membrane in trans. This mech-
anism would therefore explain both the retention of virions at the
membrane and the release of others into the lumen, where they
become fusion-incompetent and unable to rebind. For VSV-G,
this has little consequence, as fusion typically occurs in the early
endosome, e.g., upstream of this compartment. In contrast, for
VSV-MeGFP-ZEBOV, the combination of altered membrane
mechanics and disrupted NPC1 engagement in late endosomes
likely underlies the observed failure to fuse and the consequent
block in infection.

https://doi.org/10.1073/pnas.2535333123 7 of 12
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(A) Schematic of the live-cell assay. Vero cells not expressing
TMPRSS2 were incubated with 10 uM Alexa Fluor 568-labeled
dextran (Dextran-AF568) for 2 h to label endolysosomes,
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Discussion

We examined why inhibition of the endosomal lipid kinase
PIKfyve selectively blocks infection by certain membrane-
enveloped viruses, represented here by VSV chimeras bearing the
SARS-CoV-2 spike or Ebola virus GB while leaving parental
VSV-G-mediated infection unaffected. Using a combination of
quantitative infectivity assays and high-precision, live-cell 3D
imaging, we identified a previously unrecognized and mechanis-
tically simple explanation: endosomal membrane swelling acts as
a biophysical barrier to viral fusion and genome delivery into the
cytosol.

Previous models have attributed the antiviral effects of PIKfyve
inhibition primarily to disruptions in endosomal maturation or
impaired trafficking of virions to protease-rich, fusion-competent
compartments. While consistent with the dependence of SARS-
CoV-2 and Ebola virus on late endosomal cathepsin activity and
NPC1 function, these models do not account for our earlier obser-
vations by live-cell single virion fluorescence microscopy, con-
firmed here, that these virions trafficked normally to the swollen
NPC1-positive compartments under PIKfyve inhibition but failed
to initiate productive infection.

Our findings uncouple PI(3,5)P, depletion from the block in
viral infection. Although apilimod inhibits PIKfyve and reduces
PI(3,5)P, levels, the antiviral effect against VSV-SARS-CoV-2
and VSV-ZEBOV requires endosomal swelling, a process driven

https://doi.org/10.1073/pnas.2535333123

apilimod addition, with or without glutamine. Dextran-AF568-
labeled endolysosomes are shown in yellow. (Scale bar,
10 um and 1 pm in /nsets.) (C) Schematic of the infection assay.
Vero cells were incubated with VSV-MeGFP-ZEBOV for 30 min,
unbound virus was removed by three washes, and cells were
treated for 30 min with 50 nM apilimod or DMSO vehicle in
either glutamine-containing or glutamine-free medium. Cells
were then transferred to glutamine-containing medium with
5 uM apilimod for the remainder of the experiment. At 7.5 h
postinfection, cells were fixed, and infection was quantified as
the percentage of MeGFP-positive cells relative to total number
of cells identified by nuclear staining (Hoechst Janelia 646).
Automated analysis was performed using FlJI. (D) Representative
maximum intensity z-projections showing infected cells
(MeGFP, green) and nuclei stained with Hoechst Janelia 646
(magenta) under each condition. (£) Quantification of infection.
Data are shown as the percentage of infected cells normalized
to untreated control. Each biological replicate (n = 3) is shown
in a different color; technical triplicates are represented as
same-colored dots. Approximately 16,000 cells were analyzed
per condition. Bars represent mean + SD. Statistical significance
was assessed by the unpaired t test; *P < 0.05, ****P < 0.0001.

by glutamine-dependent accumulation of NH," and consequent
osmotic influx. Apilimod treatment in glutamine-depleted media
failed to block infection, indicating that PI(3,5)P, loss alone is
insufficient to impair viral entry. Furthermore, endosomal pH
reporters show that apilimod treatment causes at most a modest
decrease in endolysosomal luminal pH, arguing that inhibited
entry is not due to loss of acidity (36-38). These observations
implicate a mechanical disruption of the fusion-permissive envi-
ronment, rather than defects in endosomal acidification. Thus,
the antiviral activity of apilimod depends on a biophysical alter-
ation of endosomal membranes rather than solely on phospho-
inositide depletion.

We further demonstrated that transient hypotonic late endo-
some swelling, in the absence of PIKfyve inhibition, phenocopies
the antiviral effect, reinforcing our conclusion that osmotic expan-
sion of endosomal volume rather than disruption of lipid signaling
impairs viral entry. These observations together with our observa-
tion that apilimod did not hinder the traffic of VSV-G,
VSV-ZEBOV, or VSV-SARS-CoV2 to the endolysosomal com-
partment (this study and see also ref. 13) strengthen the conclusion
that the key barrier is not trafficking or maturation failure, but
instead a tension-induced mechanical resistance of the endosomal
membrane to the deformation required for fusion and pore for-
mation. Fusion requires precise spatial coordination between viral
and host membranes, and a membrane environment permissive
for local deformation. Swollen endosomes may resist the bending
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Fig. 7. Hypotonic-induced endolysosome enlargement is dose-dependent
and correlates with inhibition of VSV-MeGFP-ZEBQV infection. (A) Schematic
of the endolysosome enlargement assay. Vero cells not expressing TMPRSS2
were incubated with 10 uM Alexa Fluor 568-labeled dextran (Dextran-AF568)
for 2 h to label endolysosomes, followed by washes to remove unbound
dextran. Cells were then exposed to hypotonic media (0%, 10%, 30%, or 60%)
for 10 min prior to imaging, which was performed using live cell spinning disk
confocal microscopy. Hypotonic conditions were maintained throughout
image acquisition. (B) Representative maximum intensity z-projections
showing Dextran-AF568 signal (yellow) in cells exposed to increasing
hypotonic medium. Enlarged endolysosomes are observed in 30% and 60%
conditions. (Scale bar, 10 um.) (C) Distribution of endolysosome radii for
cells treated with 0% (black), 10% (blue), 30% (green), or 60% (red) hypotonic
media. Solid lines represent the mean endolysosome radius across all cells
per condition; shaded areas denote SD. Cell counts: N = 24 (0%), 32 (10%),
25 (30%), and 27 (60%). The gray shaded region marks the 90th percentile of
endolysosomes with a radius > 0.725 pm in control cells (0%). (D) Percentage
of endolysosomes with radius >0.725 um, plotted against hypotonic
media concentration. Bars represent mean + SD. Statistical significance
was assessed by one-way ANOVA compared to control; **P < 0.01, ****p <
0.0001. Comparisons with P > 0.05 are not shown. (F) Schematic of the
infectivity assay. Vero cells were infected with VSV-MeGFP-ZEBOV (MOI ~ 0.1)
for 30 min. Unbound virus was removed by three washes, and cells were
then treated with 0%, 10%, 30%, or 60% hypotonic media or 5 uM apilimod
for 30 min. Following treatment, all conditions were maintained in 5 uM
apilimod for the duration of the experiment. At 7.5 h postinfection, cells
were fixed, and infection was quantified by establishing the ratio of cells
expressing MeGFP cytosolic fluorescence with respect to the total number
of cells identified by nuclear staining using automated image analysis in FIJI.
(F) Representative maximum intensity z-projections showing infected cells
(MeGFP, green) and nuclei stained with Hoechst Janelia 646 (magenta) for
each treatment condition. (Scale bar, 100 um.) (G) Quantification of infection
levels. Data are shown as the percentage of |nfected cells normalized to
the untreated control for each biological replicate (n = 3; distinct colors).
Technical triplicates appear as dots of the same color. Approximately 16,000
cells were analyzed per condition. Bars represent mean * SD. Statistical
significance was assessed by one-way ANOVA; ****p < 0.0001. Comparisons
with P> 0.05 are not shown.

Control
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and curvature of the limiting membrane necessary for pore for-
mation, particularly for glycoproteins with stringent conforma-
tional checkpoints, such as VSV-G, EBOV-GD, or SARS-CoV-
2 spike.

Pore formation during virus—endosome fusion imposes a sub-
stantial elastic cost because the membrane must pass through
highly curved, nanometer-scale intermediates. In our system, we
take the bending/elastic work required to reach a pore-competent
state as G, .. = 43 to 65 kg 7. A minimal energetic comparison
asks whether the fusion machinery can supply at least this
amount. For influenza, used here as the best studied virus exam-
ple, multiple analyses indicate that productive fusion requires
the concerted action of roughly three HA trimers (39-41). A
commonly used estimate for the free-energy drop per HA trimer
upon completion of the fusogenic refolding (extended interme-
diate — postfusion hairpin) is ~34 + 3 k7" (42), giving Gy,(3)
~ 3 x 34~ 102 k7 (roughly 92 to 112 ky 7). On this accounting,
three trimers can, in principle, cover the pore- bending require-
ment and leave a residual margin G, = GHa(3) ~ G = 37
to 59 kg7 to pay other contributions along the pathway.
Membrane tension (y) directly consumes this margin because it
adds an area work term to any intermediate that effectively
increases membrane area by AA, AGy =~ YAA.

Two observations argue that the resting limiting membrane of
endosomes/lysosomes already operates near the boundary of avail-
able slack area. First, because we cannot measure y directly on
small organelles, we use Fluorescence Lifetime Imaging Microscopy
(FLIM) values from Lyso Flipper/Flipper-TR targeted to endoso-
mal organelles as an operational reporter of membrane mechanical
state (43, 44). Flipper-TR at the cell surface was calibrated in cells
by correlating its FLIM values with cell surface membrane tension
inferred from tether forces during osmotic perturbations, estab-
lishing a monotonic lifetime—tension relationship that approached
a high-tension regime as membranes exhaust slack area (44). Lyso
Flipper lifetimes of control endolysosomes fall in this high-lifetime
regime (43, 45-47), consistent with a “taut” limiting membrane
even before swelling. Second, ultrastructure from electron micros-
copy (9) showed smooth limiting membranes with limited folded/
tubular reserve in the endosomes of control cells, again arguing
against significant stores of excess area in control conditions and
smooth membranes with no folded/tubular membranes during
pharmacological inhibition of PIKfyve (vacuolin-1)-mediated
distension, also consistent with “taut” membranes.

Thus, acute osmotic swelling should raise membrane tension
(Y) because luminal volume increases faster than the limiting
membrane can acquire new area. Under constrained area supply,
swelling imposes areal strain, € = AA/A, and increases tenswn
approx1mately as Ay ~ K, Wlth K, ~ 250 + 50 mN m™". Even

0.02 yields Ay ~ 5 mN m™', placing the limiting membrane
in a near-maximal-stretch regime. At these tensions, the area work
competes directly with the energy margin available from three HA
trimers. Requiring G, 2 YAA gives y,,,,, = (37-59) k TIAA.
For a conservative nanometer- -scale AA ~ 50 to 100 nm?, y,,, =
1.5 to 4.9 mN m™". Thus, if swelling elevates y to ~5 mN m,
the tension term alone costs AG, = 60 ky 7'for AA = 50 nm % (and
~120 ky T'for AA = 100 nm?), exhaustlng or exceeding the residual
budget after paying G,,,,.. Under these swollen conditions, three
HA trimers cannot supply enough additional work to drive pore
formation unless more HA participate, AA is substantially smaller,
or local tension is transiently relieved.

Although similar constraints on fusion energetics and copy
number have been quantified for SNARE-driven fusion [with

https://doi.org/10.1073/pnas.2535333123 9 of 12
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Fig. 8. Hypotonic stress partially inhibits infection by
VSV-eGFP-SARS-CoV-2 and VSV-MeGFP-ZEBOV, but not
by VSV-eGFP-G. (A) Schematic of the infection assay.
SVG-A or Vero cells not expressing TMPRSS2 were
incubated with VSV-eGFP-G, VSV-eGFP-SARS-CoV-2, or
VSV-MeGFP-ZEBOV (MOI ~ 0.5) for 30 min, followed by
three washes to remove unbound virus. Cells were then
treated with 0% or 60% hypotonic medium for 30 min.
Following treatment, cells were maintained with normal
medium with either 100 nM Bafilomycin A1 (used only
for VSV-eGFP-G samples) or 5 uM apilimod (used for the
other virions) for the remainder of the experiment. At
7.5 h postinfection, cells were fixed, and infection was
quantified by counting GFP-positive cells relative to
total nuclei (Hoechst Janelia 646) using spinning disc
confocal fluorescence microscopy. Automated analysis
was performed in FlJI. (B-D) Representative maximum
intensity z-projection images (Top) showing infected
cells (eGFP, green) and nuclei (magenta) under 0%
and 60% hypotonic conditions for each type of virion.
Quantification of infection levels. Data (Bottom) are
shown as the percentage of infected cells normalized to
the untreated control for each biological replicate (n = 3;
distinct colors). Technical triplicates are represented
as same-colored dots. Approximately 16,000 cells were
analyzed per condition. Bars represent mean + SD.
Statistical significance was assessed using an unpaired
t test; ****P < 0.0001. Comparisons with P > 0.05 are
not shown.

estimates that roughly 2 to 3 SNARE complexes are required for
content mixing (48)], comparable quantitative bounds are not yet
available for the fusion glycoproteins of VSV, SARS-CoV-2, or
Ebola virus. We nevertheless infer that the same physical constraint
applies for these virions. This tension—energy budget therefore
provides a parsimonious mechanistic explanation for why acute
endosomal swelling suppresses entry virion entry pathways that
normally proceed in relatively nonswollen compartments and
thereby prevents infection.

Why is infection by VSV-G unaffected by apilimod treatment or
osmotic swelling? The simplest explanation is that VSV-G-mediated
fusion and genome release occur in early endosomes, which are not
subject to PIKfyve-dependent swelling. Indeed, previous studies using
dominant-negative Rab GTPase mutants showed that VSV infection
is inhibited by Rab5(S34N), but not by Rab7(T22N), indicating that
fusion occurs before endosomal maturation into Rab7-positive com-
partments (49-51). Inhibition of PIKfyve kinase by apilimod, at the
concentrations used here, also had a minimal effect on influenza-virus
infection (18), consistent with the effect of dominant-negative Rab5
and Rab7 GTPase mutants indicating that fusion can occur in both
early and late endosomes (51); because apilimod does not swell early
endosomes, this route remains available for productive fusion. Our
proposed mechanism for apilimod resistance is further supported
by our finding that apilimod-mediated inhibition of VSV-
SARS-CoV-2 infection is only partial in cells expressing TMPRSS2
and only becomes complete in its absence (this study, see also ref. 28).

https://doi.org/10.1073/pnas.2535333123

TMPRSS2-mediated activation of the SARS-CoV-2 spike promotes
fusion at the plasma membrane or within early endosomes, bypassing
the late endosomal route (25-27). Accordingly, in TMPRSS2-negative
cells where both VSV-SARS-CoV-2 and VSV-ZEBOV rely on late
endosomal fusion, the extent of inhibition by osmotic challenge is
similar. Thus, viral fusion is governed not solely by pH or receptor
engagement but also by the trafficking itinerary of the virion and the
mechanical state of the endosomal membrane at the site of fusion.

Many enveloped viruses, including filoviruses, coronaviruses, and
arenaviruses rely on late endosomal or lysosomal compartments for
entry [see review (52)], making them potentially sensitive to per-
turbations in membrane mechanics. Targeting host pathways that
regulate endosomal membrane tension, such as PIKfyve or its lipid
effectors, offers a mechanistically distinct antiviral strategy, one that
does not interfere with receptor binding or protease activation, but
instead acts at the level of fusion competence. By identifying mem-
brane tension as a key regulator of viral entry, our study highlights
the utility of integrating biophysical parameters into models of
intracellular viral trafficking and fusion.

Material and Methods

Detailed material and methods are presented in S Appendix. Briefly, we carried out
single-round infection, endolysosome swelling, and virus-tracking experiments
using Vero-derived and SVG-A cell lines, including gene-edited SVG-A cells express-
ing EEAT-mScarletand NPC1-HaloTag. We used VSV chimeras bearing native VSV-G
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or substituted glycoproteins (SARS-CoV-2 S or Ebola virus GP) and propagated them
inVero E6 monolayers. Forinfection assays, we adsorbed virus for 30 min, removed
unbound particles by washing, incubated for ~7-8 h, fixed with paraformaldehyde,
and scored infection by eGFP positivity relative to nuclear counts.

To perturb endolysosomal physiology, we inhibited PIKfyve with apilimod in
the presence or absence of glutamine or instead imposed transient hypotonic
shock; where indicated, we used bafilomycin A1 or camostat. We labeled endolys-
osomes with internalized fluorescent dextran or NPC1-Halo ligand and quanti-
fied compartment size and virus colocalization by 3D fluorescence microscopy
(spinning-disk confocal) and lattice light-sheet imaging. We tracked individual
virions in 3D, quantified motility by mean square displacement (MSD), and used
simulations to interpret confinement and endosome-rotation-driven behavior.
Image segmentation and quantification used FlJI/LabKit and custom MATLAB
workflows; statistics used one-way ANOVA.

Statistical Analysis. Statistical comparisons between control and experimental
groups were performed using one-way ANOVA (parametric). Significance levels
areindicated by asterisks: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Comparisons without annotated P-values were not statistically significant.

Data, Materials, and Software Availability. Requests for VSV chimeras and
their material transfer agreements should be directed to and will be fulfilled
by Sean Whelan, spjwhelan@wustl.edu. Datasets and custom analysis code
are available at https://github.com/kirchhausenlab/pikfyve_endosome_fusion_
mechanics (53). The S/ Appendix provides explicit instructions for downloading
any dataset file through a web browser. Each publicly accessible file corresponds
to an image dataset, and its filename identifies the associated figure.
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