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ABSTRACT Potassium (K1) is one of the most abundant cations in the human body.
Under normal conditions, the vast majority of K1 is found within cells, and the extracellular
[K1] is tightly regulated to within 3.0 to 5.0 mM. However, it has recently been shown that
high levels of localized necrosis can increase the extracellular concentration of K1 to above
50 mM. This raises the possibility that elevated extracellular K1 might influence a variety of
biological processes that occur within regions of necrotic tissue. For example, K1 has been
shown to play a central role in the replication cycles of numerous viral families, and in
cases of lytic infection, localized regions containing large numbers of necrotic cells can be
formed. Here, we show that the replication of the model poxvirus myxoma virus (MYXV) is
delayed by elevated levels of extracellular K1. These increased K1 concentrations alter the
cellular endocytic pathway, leading to increased phagocytosis but a loss of endosomal/lyso-
somal segregation. This slows the release of myxoma virus particles from the endosomes,
resulting in delays in genome synthesis and infectious particle formation as well as reduced
viral spread. Additionally, mathematical modeling predicts that the extracellular K1 concen-
trations required to impact myxoma virus replication can be reached in viral lesions under
a variety of conditions. Taken together, these data suggest that the extracellular [K1] plays
a role in determining the outcomes of myxoma infection and that this effect could be
physiologically relevant during pathogenic infection.

IMPORTANCE Intracellular K1 homeostasis has been shown to play a major role in the
replication of numerous viral families. However, the potential impact of altered extracellular
K1 concentrations is less well understood. Our work demonstrates that increased concentra-
tions of extracellular K1 can delay the replication cycle of the model poxvirus MYXV by in-
hibiting virion release from the endosomes. Additionally, mathematical modeling predicts
that the levels of extracellular K1 required to impact MYXV replication can likely be reached
during pathogenic infection. These results suggest that localized viral infection can alter K1

homeostasis and that these alterations might directly affect viral pathogenesis.
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Potassium (K1) is the most abundant intracellular cation in the body. K1’s major role is
to maintain a functional electrochemical gradient across the plasma membrane, which

is critical for numerous cellular functions, including neuronal signaling (1, 2), muscle con-
tractions (3, 4), mitochondrial function and cellular energetics (5), mRNA translation (6, 7),
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and many more. Because of the essential nature of the electrochemical gradient for eukary-
otic life, the concentrations of intracellular and extracellular K1 are tightly regulated (8).
More than 98% of the body’s K1 is contained intracellularly, where its concentration can
exceed 150 mM. In contrast, the [K1] in the extracellular space is much lower, typically
ranging from 3.2 to 5.0 mM (9). Prolonged changes in the extracellular [K1] are extremely
hazardous, with serum concentrations beyond ;6.5 mM (hyperkalemia) causing severe
medical complications, including acute heart failure and death (10).

Interestingly, while prolonged, systemic changes in extracellular K1 concentrations
can be lethal, it has recently been reported that the localized concentration of this ion
within the central cores of solid tumors can exceed ;50 mM (11). Critically, the authors
of that work found that the driver of this increased [K1] was not a cancer-specific path-
way but instead was the result of the high rate of tissue necrosis that is often found
within solid tumors. This raises the possibility that other situations exhibiting high rates
of localized necrosis might also display transiently increased concentrations of extrac-
ellular K1. This hypothesis, however, has never been explored.

Our laboratory is interested in the biology of the poxvirus myxoma virus (MYXV). MYXV
is studied both as a model of poxviral pathogenesis and as a potential oncolytic candidate
to treat solid tumors (12). Interestingly, while overall K1 homeostasis has been shown to
be critical for infection by several viral families (13–18), relatively little work has been con-
ducted on how this ion affects infection by poxviruses (19). Additionally, since most viruses
encode their own K1 channels (20), most of the previous work investigating the role of K1

in viral infection has focused on how modulation of K1 channel function influences either
replication or cytopathic effect. In contrast, much less attention has been paid to how over-
all changes in the extracellular [K1] might impact viral replication cycles (21). Since both
pathogenic poxviral lesions (22) and the cores of solid tumors in which oncolytic MYXV
might be used therapeutically (23) contain high levels of localized necrosis, we examined
how elevated extracellular K1 concentrations might impact MYXV infection.

Here, we show that elevated concentrations of extracellular K1 directly alter the cel-
lular endosomal/lysosomal compartment. These changes result in a delay of MYXV
infection by preventing the release of viral virions from the endosomes. Additionally,
mathematical modeling predicts that the concentrations of extracellular K1 needed to
impact viral infection can be readily obtained in viral lesions as long as the rate of
infection is not outpaced by the diffusion of K1 in the interstitial fluid. This work sug-
gests that the localized tissue damage caused by lytic infection might transiently alter
K1 homeostasis, which could influence viral infection and pathogenesis.

RESULTS
Elevated extracellular K+ inhibits MYXV infection in vitro. K1 channel function

and intracellular K1 homeostasis are known to play major roles in the replication cycles
of numerous viruses (13–18, 24, 25). However, the impact of extracellular K1 concentra-
tions on viral infection is much less well studied. Critically, it has recently been shown
that high levels of localized necrosis can increase the extracellular [K1] by up to 10-fold
(11). We were therefore interested in how these elevated levels of extracellular K1

might influence the replication of the model poxvirus MYXV. To address this question,
we incubated a variety of cells in growth medium supplemented with excess K1 and
asked how this impacted the replication of a green fluorescent protein (GFP)-express-
ing MYXV construct (26). We observed that cells incubated with elevated K1 and then
infected with MYXV at multiplicities of infection (MOIs) ranging from 0.01 to 0.1 dis-
played lower rates of infection than cells incubated in normal medium after 24 h (Fig.
1A). Additionally, while this reduced infection rate could be overcome with higher
MOIs (Fig. 1A), these cells still displayed a reduced intensity of virally derived GFP
(vGFP) (Fig. 1B) and contained low numbers of new infectious progeny virus at 24 h
postinfection compared to infection of cells grown in control medium (Fig. 1C).
Titration of the extracellular [K1] indicated that the reduction in viral progeny observed
at 24 h began to occur in cells grown in media containing ;25 to 50 mM K1 (Fig. 1D),
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which is in line with the concentrations previously observed in highly necrotic tissues
(11). Critically, these changes in viral replication could not be explained by elevated
extracellular K1 killing host cells since incubation in medium containing 50 mM K1 for
up to 72 h did not visually alter cellular morphology or cell viability, although a slight
reduction in the number of total cells was observed, likely due to a decreased division
rate (Fig. 2A to D). Additionally, while the presence of elevated extracellular K1 pro-
foundly reduced the size of MYXV foci, this effect could be rescued by placing infected
cells back into normal growth medium (Fig. 2E). Taken together, these data suggest
that increases in the extracellular [K1] can negatively influence MYXV replication.

Elevated extracellular K+ delays the early stages of the MYXV replication cycle.
In order to identify how increased extracellular K1 concentrations impacted MYXV infec-
tion, we next queried various stages of the viral replication cycle in the presence and ab-
sence of elevated K1. The results indicated that increasing the extracellular [K1] had no dis-
cernible impact on the binding of MYXV to the cell surface (Fig. 3A and B). Additionally, at
high MOIs, where the previously observed reduced rates of infection caused by elevated
K1 (Fig. 1A) could be overcome, virtually all infected cells displayed detectable GFP fluores-
cence by 4 h postinfection, suggesting that the virus successfully entered cells and initiated
early gene expression (Fig. 3C and D). However, while amplification of the viral genome
could be observed in cells grown in control medium beginning at ;4 h postinfection, this
synthesis was delayed in cells incubated with elevated K1 (Fig. 3E). Consistent with this
delay in genome synthesis, elevated extracellular K1 postponed the appearance of high
levels of virally derived GFP (which is indicative of a switch to viral late gene expression) as
well as the production of new infectious progeny by several hours (Fig. 3C to F). Taken to-
gether, these data suggest that elevated extracellular K1 impacts the MYXV replication
cycle both by reducing the ability of the virus to initiate infections of cells (Fig. 1A) and by
delaying genome synthesis and the production of new infectious progeny (Fig. 3E and F).

FIG 1 Elevated extracellular K1 inhibits MYXV infection. (A) BSC40 cells were incubated in medium
containing 5 mM or 50 mM K1 as described in the text and then infected with vGFP at MOIs ranging
from 0.001 to 3.0. Twenty-four hours later, rates of infection were determined by quantitating the
percentage of cells expressing any level of GFP using flow cytometry. Significance was determined
using Student’s t test (*, P , 0.05). (B and C) The indicated cell types were incubated in either regular
medium (5 mM K1) (shown in gray) or medium containing 50 mM K1 (shown in blue) for 24 h and
then infected with MYXV expressing GFP at an MOI of 10. (B) Infection was qualitatively assessed by
visualizing the intensity of virally derived GFP. (C) Twenty-four hours later, the number of new
infectious progeny was determined using titer assays. The data shown are normalized to the values
for cells grown in medium containing 5 mM K1 and are representative of results from 1 to 3
individual experiments. Significance was determined using Student’s t test (***, P , 0.001). (D) Cells
were incubated with media containing the indicated concentrations of K1 for 24 h and then infected
with MYXV at an MOI of 10. At 24 h postinfection, the number of infectious progeny in each sample
was determined. The data shown are normalized to the values for cells grown in medium containing
5 mM K1 and are representative of results from 2 to 3 individual experiments.
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Elevated extracellular K+ alters the cellular endosomal compartment. Our previ-
ous findings indicated that high levels of extracellular K1 negatively impact MYXV replication
early after infection. However, incubation of purified MYXV virions with K1 did not detectably
reduce the production of new infectious virus (Fig. 4A), suggesting that ionic imbalance was
likely acting on the host cells. Based on these data, we subsequently asked what impact
increasing the extracellular [K1] might have on cellular functions. To address this question, cells
were incubated in either normal medium or medium containing 50 mM K1 for 24 h and then
assayed for changes to their overall transcriptome using RNA sequencing (RNAseq). The results
indicated that cells grown with elevated extracellular K1 displayed robust changes in gene
expression corresponding to various cellular pathways (Fig. 4B). Interestingly, these pathways
included endosomal trafficking (Fig. 4C), which is central to the early stages of poxviral infec-
tion (27, 28). We therefore investigated whether increased extracellular K1 might alter the cel-
lular endosomal/lysosomal compartments. We observed that elevated extracellular K1 caused
cells to take up increased amounts of fluorescein isothiocyanate (FITC)-dextran beads, suggest-
ing increased levels of phagocytosis (Fig. 4D). Additionally, cells incubated with high levels of
K1 displayed a significant mislocalization of early endosomes and a loss of endosomal/lysosomal
segregation (Fig. 4E). These data suggest that elevated extracellular K1 concentrations alter the
endosomal/lysosomal compartment within cells.

FIG 2 Elevated extracellular K1 does not compromise cellular viability. (A to D) The indicated cell types were incubated in
either regular medium (5 mM K1) (shown in gray) or medium containing 50 mM K1 (shown in blue) for 72 h. Cultures were
then assayed for cellular morphology (A), cell viability using either trypan blue exclusion (B) or flow cytometry (C), or total
cell numbers (D). The data shown are representative of results from at least two individual experiments for each assay.
Significance was determined using Student’s t test (*, P , 0.05). (E) A549 cells were incubated in either regular medium
(5 mM K1) or medium containing 50 mM K1 for 24 h and then infected with vGFP at an MOI of 0.001. The spread of
individual foci was assayed using a fluorescence microscope for 48 h, after which cells initially incubated with 50 mM K1

were either transferred into normal medium (5 mM K1) or again placed into medium containing 50 mM K1. The growth
of individual foci was then tracked for an additional 72 h.
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Elevated extracellular K+ causes delayed release of MYXV virions from endo-
somes. Consistent with elevated K1 causing changes to the cellular endosomal compart-
ment, we observed that the majority of the signal obtained from the K1-specific dye potas-
sium-binding benzofuran isophthalate (PBFI) was found in punctate spots distributed
throughout the cytoplasm (Fig. 5A). Interestingly, the intensity of this staining increased in
the presence of elevated extracellular K1 (Fig. 5B), suggesting that increasing the extracellular
ionic content resulted in a localized increase in K1 ions within one or more vesicular com-
partments. Critically, endocytosed MYXV particles could be found colocalized with these
PBFI-positive (PBFI1) vesicles (Fig. 5C), with the extent of colocalization being highest ;90

FIG 3 Elevated extracellular K1 delays MYXV genome synthesis. (A and B) The indicated cell types were incubated in
either regular medium (5 mM K1) (shown in gray) or medium containing 50 mM K1 (shown in blue) for 24 h. Cells
were then incubated at 4°C with high numbers of MYXV virions containing an M094-Venus fusion protein (34). The
binding of virus to the cell surface was then visualized using either fluorescence microscopy (A) or flow cytometry (B).
The data shown in panels A and B are representative of results from two individual experiments for each assay. (C
and D) Cells were incubated in either regular medium (5 mM K1) or medium containing 50 mM K1 for 24 h and then
infected with MYXV at an MOI of 5. At the indicated times postinfection, cells were harvested, and the expression of
virally derived GFP was quantitated using flow cytometry. (C) Representative histograms showing changes in GFP
intensities over time. (D) Quantitation of GFP intensities. The data shown in panels C and D are representative of
results from three individual experiments. Significance was determined at each time point using Student’s t test (*,
P , 0.05; N.S., not significant). HPI, hours postinfection; MFI, mean fluorescence intensity. (E) RK13 cells were incubated in
either regular medium (5 mM K1) or medium containing 50 mM K1 for 24 h and then infected with MYXV at an MOI of 5.
At the indicated times postinfection, DNA was extracted from the cells, and the abundance of viral genomes was analyzed
using rt-PCR. Significance was determined at each time point using Student’s t test (***, P , 0.001). The data shown are
representative of results from two individual experiments. (F) The indicated cell types were incubated in either regular
medium (5 mM K1) or medium containing 50 mM K1 for 24 h and then infected with vGFP at an MOI of 5. At the indicated
times postinfection, cells were harvested, and the abundance of infectious viral progeny was quantitated using standard viral
titration assays. The data shown are representative of results from at least three individual experiments for each cell line.
Significance was determined at the indicated time points using Student’s t test (***, P , 0.001).
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FIG 4 High extracellular K1 alters the cellular endosomal/lysosomal compartment. (A) MYXV virions were incubated in
either regular medium (gray) or medium containing 50 mM K1 (blue) for 1 h. Virions were then immediately used to

(Continued on next page)
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min after virion binding (Fig. 5D), a time that is consistent with the kinetics of endocytosed
MYXV being found in the late endosomes. In order to determine whether the delay in MYXV
replication caused by the elevated extracellular [K1] might have to do with its presence in
these K1-containing vesicles, we finally asked whether ionic imbalance might alter the traf-
ficking of MYXV particles into or out of the endosomal compartment. The results indicated
that 90 min after virion binding, MYXV particles could be observed still bound to the cell
surface, in membrane-enclosed vesicular compartments, as well as fully released into the
cytoplasm (Fig. 5E). Cells incubated with elevated extracellular K1, however, displayed
fewer virions both at the cell surface and released into the cytoplasm and an increase in vi-
rions contained in membrane-bound vesicles (Fig. 5F). Taken together, these data suggest
that MYXV traffics through a K1-containing vesicular compartment and that increased
extracellular K1 concentrations delay the release of virions from this compartment.

Mathematical modeling predicts that localized viral infection will alter extrac-
ellular K+ homeostasis. It has been previously shown that the high rates of localized ne-
crosis found within solid tumors can increase the levels of extracellular K1 within a con-
fined space (11). However, the potential impact of localized necrosis on extracellular K1 in
noncancerous settings has never been explored. We hypothesized that the localized cell
death caused by a lytic viral infection might also increase the concentration of extracellular
K1 within a confined space. Unfortunately, attempts to directly measure the extracellular
[K1] inside a MYXV lesion in rabbits were technically unsuccessful (our unpublished obser-
vations). Therefore, to test the plausibility of our hypothesis, we created a mathematical
model based on the growth of primary MYXV lesions in rabbits (see Table S1 in the supple-
mental material). To validate this model, five susceptible Oryctolagus rabbits were inocu-
lated intradermally with 1,000 focus-forming units (FFU) of MYXV and then euthanized at 7
days postinfection. Primary lesions were excised, sectioned, and histologically stained for
virally expressed GFP. The diameter of the GFP1 region was then measured with calipers
(Fig. 6A, top) and compared to the size of the infected region predicted by our in silico
model (Fig. 6A, bottom). Consistent with our previously observed experimental results (22),
our model predicted that the diameter of the infected region within a myxomatosis lesion
would expand over time (Fig. 6A). Critically, the predicted size of the infected region corre-
lated extremely well with the empirically observed size of the GFP1 region within actual
myxomatosis lesions 7 days after infection. In addition to the lesion increasing in size, the
model also predicted that the majority of the infection in this lesion would be found
throughout the central core (Fig. 6B), a phenotype that appeared consistent with the
observed localization of MYXV-derived GFP (Fig. 6A, top). Critically, in addition to accurately
modeling the expansion of a primary MYXV lesion, our model also predicted that the
extracellular [K1] within this lesion would increase over time, exceeding 50 mM (the point
at which extracellular K1 began to inhibit MYXV replication in vitro) at between 60 and
120 h postinfection (Fig. 6C).

Since our previous modeling predicted that extracellular K1 would increase within a vi-
ral lesion, we finally wished to determine whether this increased K1 could potentially
impact MYXV pathogenesis. To address this, we modified our previous in silicomodel such
that elevated extracellular K1 would both inhibit the initiation of infection and delay the
production of new infectious progeny and the death of infected cells. Interestingly, despite

FIG 4 Legend (Continued)
infect BSC40 cells at an MOI of 10. At the indicated times postinfection, cells were harvested, and the amount
of new infectious progeny present was quantitated using viral focus-forming assays. (B and C) ID8 cells were
incubated in either regular medium (5 mM K1) (shown in gray) or medium containing 50 mM K1 (shown in
blue) for 24 h. RNA was then extracted and used for transcriptomic analysis. (B) PCA comparing the overall
RNA profiles of cells grown in either medium or medium with elevated K1. (C) GSEA analyzing the changes to
the endosomal/lysosomal pathway induced by exposure to elevated K1. (D) A549 cells were incubated in
either regular medium (5 mM K1) or medium containing 50 mM K1 for 24 h. Cells were then fed FITC-dextran
beads, and the phagocytic uptake of these beads was quantitated using flow cytometry. The data shown are
representative of results from more than three individual experiments. Significance was determined at the
indicated time points using Student’s t test (***, P , 0.001). (E) Huh7 cells were incubated in either regular
medium (5 mM K1) or medium containing 50 mM K1 for 18 h and then stained for the subcellular localization
of EEA1 and LAMP1.
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elevated extracellular K1 being present within the lesion and multiple stages of the viral
replication cycle being negatively impacted by this K1, the results from this new model
indicated that the overall lesion size remained relatively unchanged (Fig. 7A). However, the
inhibitory effects of extracellular K1 significantly reduced both the density of infectious viri-
ons and the total number of these viruses found in the virion. Additionally, elevated K1 re-
stricted the spatial localization of these infectious particles more tightly into the middle of
the viral lesion (Fig. 7B). Taken together, these predictive results suggest that lytic viral

FIG 5 Elevated extracellular K1 inhibits the release of MYXV from the endosomes. (A and B) A549 cells were incubated in either
regular medium (5 mM K1) (shown in gray) or medium containing 50 mM K1 (shown in blue) for 24 h. Cells were then stained
with PBFI dye and analyzed for either the subcellular localization of K1 (A) or the intensity of PBFI fluorescence (B). (C and D)
RK13 cells were incubated in either regular medium (5 mM K1) or medium containing 50 mM K1 for 24 h. Cells were then
incubated with high numbers of MYXV virions containing an M094-Venus fusion protein (34) for the indicated times and then
stained with PBFI dye. The colocalization of PBFI- and Venus-containing viral particles was then assayed using confocal
microscopy. (C) Representative images of cells taken 90 min after virion adsorption. (D) Pearson colocalization scores of PBFI and
Venus fluorescence obtained from images taken at the indicated time points. (E and F) Cells were incubated in either regular
medium (5 mM K1) or medium containing 50 mM K1 for 24 h and then infected with MYXV at an MOI of 100. Thirty minutes
after infection, cells were fixed and processed for electron microscopy. (E) Representative images showing viral virions that are
bound at the cell surface (B), contained in membranous vesicles (E), or completely exposed in the cytoplasm (C). (F) Quantitation
of the percentage of virions found at each subcellular location in the indicated cell types. The data shown in panel F represent
data for more than 100 analyzed virions from each cell type from two independent experiments.
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lesions can increase the local concentration of extracellular K1 and that this can modify,
but not prevent, pathogenesis.

DISCUSSION

Numerous studies have examined the potential roles of K1 channels and K1 homeosta-
sis in viral infection (13–18). Very few of these studies, however, have examined how
changes in the extracellular [K1] might impact infection (21). Interestingly, this limited
body of literature suggested that elevated extracellular K1 concentrations can enhance the
infectivity of bunyavirus by directly acting on the viral spike protein to enhance endosomal
fusion (21). In contrast, our data suggest that elevated extracellular K1 concentrations

FIG 6 Mathematical modeling predicts that localized MYXV infection will result in an increased extracellular
[K1]. (A) Comparison of the diameter of the region of MYXV infection predicted by our mathematical model to
that which has been previously experimentally observed. Predicted results were calculated by computationally
predicting the diameter at which 1% of the total cells were infected with virus every 24 h. The observed results
were calculated by infecting susceptible Oryctolagus rabbits intradermally with vGFP for 7 days, harvesting the
resulting primary lesions, histologically staining these lesions for the presence of virally derived GFP, and then
measuring the diameter of the GFP1 region with calipers. The size of the phenotypically inflamed lesion is
marked with a white line, while the area of GFP1 infection is marked with a red line. The data shown represent
the results of a reanalysis of existing samples from a previous study (22). (B) Predicted localization of free MYXV
virions within a viral lesion. (C) Predicted extracellular [K1] within a viral lesion. The extracellular [K1] throughout
the viral lesion was predicted at the indicated time points. The experimentally determined threshold at which
extracellular K1 begins to inhibit MYXV infection (50 mM) is indicated for reference.
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negatively impact infection with MYXV in multiple cell lines (Fig. 1). In vitro, this inhibition
occurs only at relatively high concentrations of extracellular K1 (above 25 mM). Critically,
these concentrations are unlikely to be found for any prolonged period of time in any sys-
temic location since elevating serum K1 above 6.0 to 7.0 mM is lethal in most eukaryotes
(10). However, the recently reported observation that extracellular K1 concentrations in the
necrotic cores of solid tumors can exceed 50 mM (11) suggests that these ionic levels can
transiently exist within confined spaces. It is therefore critical to note that our mathematical
modeling predicts that localized lytic infection can rapidly increase the extracellular [K1]
above 50 mM (Fig. 6). It is also noteworthy that our model does not contain any variables
that are unique to MYXV. These modeling results therefore suggest that a variety of lytic
viruses, or even pathogenic bacteria, might increase the local extracellular [K1] during
infection. Interestingly, despite directly delaying the time that it takes to produce new in-
fectious progeny and initiate a viral burst, our model predicted that elevated extracellular
K1 will not significantly reduce the overall size of a viral lesion (Fig. 7). Instead, the effect is
largely limited to altering the abundance and distribution of virions within the lesion.
While the impact of this on actual pathogenesis is unclear, it is easy to envision it playing a
major role in viral transmission for pathogens such as MYXV whose spread by insect vec-
tors is dependent on intralesional viral titers. Unfortunately, attempts to directly confirm
these predictions in vivo by sampling the [K1] from the interstitial fluid of MYXV lesions
were unsuccessful due to the lack of established sampling methods in rabbits (our unpub-
lished observations). It will therefore be critical for future experiments to validate that lytic
infections truly increase the local K1 concentrations within confined lesions.

In the case of MYXV, our data show that incubation of viral virions with elevated K1

has no effect on subsequent infection, while incubation of noninfected cells altered
both phagocytosis and the stability of the endosomal/lysosomal pathway (Fig. 4 and
5). These data suggest a model in which elevated extracellular K1 delays MYXV infec-
tion through an indirect mechanism involving alterations to the cellular vesicular

FIG 7 Modeling predicts that elevated extracellular K1 will alter the abundance of MYXV particles within
lesions. (A) Comparison of predicted viral lesion diameters with (gray) and without (blue) inhibition by K1.
(B) Impact of K1 inhibition on viral distribution within a lesion with and without inhibition by K1. Both
the viral density (bottom of each circle) and the total amount of infectious virus contained within the
entire lesion (top of each circle) were calculated throughout the infected lesion with and without
inhibition by elevated extracellular K1.
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compartment, which slows the release of viral particles. Critically, this effect on treated
cells is not simply due to reductions in cell viability since cells incubated with high K1

concentrations remain viable, and the removal of the elevated K1 ions rescues the
infectivity of already adsorbed virus (Fig. 2). Unfortunately, our data do not identify any
specific molecular changes within the endosomes that might directly inhibit the
release of MYXV particles. It is attractive to hypothesize that changes in the extracellu-
lar [K1] might affect endosomal/lysosomal pH since K1 has been shown to play an
essential role in ionic balancing during endosomal/lysosomal acidification (29, 30).
However, our experiments failed to detect any changes in endosomal/lysosomal pH
following incubation of cells in medium containing elevated extracellular K1, suggest-
ing that this is not the mechanism through which viral release is inhibited (see Fig. S1
in the supplemental material). We do clearly observe a loss of endosomal/lysosomal
stability; however, additional experiments will be needed to elucidate the mechanisms
mediating this loss and whether it is responsible for the observed inhibition of MYXV
replication. Interestingly, since cellular endocytosis plays a major role in the infection
cycles of numerous viruses, it is easy to hypothesize that elevated extracellular K1

would inhibit all of these viral families. This hypothesis, however, is contradicted by
previously reported results with bunyavirus (21), in which K1 plays a key role in the
function of the viral spike protein. More work will therefore be needed to elucidate the
role of elevated extracellular K1 in additional viral families.

Additionally, while our data clearly demonstrate that an elevated extracellular [K1]
inhibits the release of the MYXV particle from the endosomes, it is unclear whether it might
also impact additional steps in the viral replication cycle downstream of endosomal release.
In this context, it is noteworthy that the functions of both the RNA and DNA polymerases
from vaccinia virus have been shown to be impacted by the [K1] in vitro (31, 32). It is there-
fore entirely possible that increasing the extracellular [K1] can inhibit or delay the MYXV
replication cycle through multiple distinct mechanisms. Unfortunately, attempts to bypass
the block in endosomal release through pH-mediated fusion were unsuccessful as MYXV
does not appear to possess this entry mechanism (33).

MATERIALS ANDMETHODS
Cell lines and reagents. A549 (ATCC CCL-185), BSC40 (ATCC BRL-2761), and RK13 (ATCC CCL-37)

cells were obtained directly from the American Type Culture Collection (Manassas, VA). Cells were grown
in standard Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Manassas, VA) supplemented with
10% fetal bovine serum (VWR, Radnor, PA) and 1� penicillin-streptomycin-glutamine (Corning, Corning,
NY). Cells were passaged for ,6 months prior to use and checked quarterly for mycoplasma contamina-
tion by PCR. High-K1 DMEM was made by dissolving KCl in medium at the desired concentration. The
cell-permeant dye potassium-binding benzofuran isophthalate (PBFI) was obtained from Thermo Fisher
(Waltham, MA) and used according to the manufacturer’s recommendations. Cellular viability was deter-
mined using the Cell-Titer 96 nonradioactive cell proliferation assay [3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT)] (Promega, Madison, WI) and Live/Dead fixable dyes (Thermo
Fisher, Waltham, MA). The following antibodies were used in these studies: EEA1 (catalog number 3288;
Cell Signaling Technologies) and LAMP1 (catalog number 9091; Cell Signaling Technologies) antibodies.

Virus and viral infections. All MYXV constructs used are based on the Lausanne strain. Viral con-
structs expressing GFP (26) as well as an M093/Venus fusion protein (vM093/Venus [34]) were described
previously. All viruses were amplified in BSC40 cells and purified using gradient centrifugation as previ-
ously described (35). Unless otherwise noted, infections were carried out by adsorbing virus to cells for
30 min at a multiplicity of infection (MOI) of 10, removing unbound virus, and then replacing the viral
inoculum with fresh medium. Cells treated with high-K1 medium were typically incubated in this me-
dium for 24 h prior to infection. The viral titer was determined by releasing intracellular virions using me-
chanical disruption, serially diluting the resulting supernatants onto confluent BSC40 cells, and counting
the resulting viral foci after 48 h. Viral binding was assayed by incubating cells at 4°C with high MOIs of
vM093/Venus and then measuring the intensity of Venus fluorescence using flow cytometry.

Real-time PCR. Real-time PCR (rt-PCR) analysis was conducted as previously described (36). In short, viral
genomic DNA was extracted from cells using the RNeasy kit (Qiagen, Hilden, Germany). The abundance of
genomic DNA was then quantitated using a CFX96 real-time system (Bio-Rad, Hercules, CA). Data were ana-
lyzed with the accompanying Bio-Rad CFX Manager software. Amplified products were analyzed by gel elec-
trophoresis to ensure specificity. The PCR primers used in this study are shown in Table 1.

Immunofluorescence. Cells were seeded onto coverslips coated with 5 mg/mL fibronectin (Sigma-
Aldrich, St. Louis, MO) at 40,000 cells per well. After treatment, the cells were fixed in 4% paraformalde-
hyde (Electron Microscopy Sciences, Hatfield, PA), permeabilized with 0.2% Triton X-100, and blocked in
0.2% bovine serum albumin (Sigma-Aldrich, St. Louis, MO). Cells were then sequentially incubated with
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primary and secondary antibodies and mounted onto glass slides. Cells were imaged using a Leica SP8
confocal microscope (Carl Zeiss AG, Oberkochen, Germany). The final composite images were created
using ImageJ (National Institutes of Health, Bethesda, MD).

Electron microscopy. Electron microscopy analysis of MYXV-infected cells was conducted as previ-
ously described (22). In short, cells were fixed in 3% formaldehyde plus 2% glutaraldehyde, rinsed in 0.1
M cacodylate buffer, and then fixed in 2% aqueous osmium tetroxide. After rinsing in distilled water, the
pellets were dehydrated through a series of graded ethyl alcohol washes and then embedded in a mix-
ture of propylene oxide and EMbed 812 (Electron Microscopy Sciences, Hatfield, PA). Pellets were then
thin sectioned, double stained with uranyl acetate in methanol and Reynolds lead citrate, and viewed
using a JEOL 1010 transmission electron microscope.

RNA sequencing and bioinformatics. RNAseq analysis was conducted using ID8 cells. Cells were
incubated in normal DMEM or DMEM supplemented with 50 mM K1 for 24 h. Following incubation, cells
were harvested, and total RNA was extracted using an RNeasy kit (Qiagen, Hilden, Germany). RNAseq
was then performed by Novogene (Cambridge, UK) using an Illumina sequencer. Raw RNAseq data were
downloaded in compressed FASTQ format, mapped against the Mus musculus reference cDNA sequence
(GRCm38.p5; ENSEMBL release v98), quantified at the transcript level with kallisto (v0.46.0), and summar-
ized at the gene level using BioMART’s gene-to-transcript mapping (accessed on 22 January 2019) via
tximport (v1.15.6). Principal-component analysis (PCA) was conducted using finalized transcript counts.
Gene set enrichment analysis (GSEA) was conducted by identifying differentially expressed genes having
a log2 fold change (Log2FC) of $2 and a P value of ,0.05 and subsequently analyzing the enrichment of
these genes in the KEGG process for endosomal transport.

Mathematical modeling of MYXV infection.We modeled the virus infection process using a reaction-
diffusion system that incorporates the various effects of elevated extracellular K1 observed in our in vitro
experiments. In short, the model predicts that myxoma virus infects cells and that, after some delay (37), these
infected cells die, releasing both new infectious viruses as well as K1 into the extracellular matrix. The newly
produced infectious viruses infect neighboring cells according to the law of mass action as they diffuse
through the matrix (37, 38). K1 also diffuses through the extracellular matrix. We use an approximation of the
Heaviside function to incorporate a threshold value of K1 beyond which virus production, viral infectivity, and
infected cell death are impacted. Since the model involves both intracellular and extracellular values for both
potassium and virus concentrations, we incorporated a conversion factor between the intracellular and extrac-
ellular spaces and developed a computer algorithm for solving the model system. Parameter values were esti-
mated from both our experimental results as well as the existing literature (8, 22, 37, 39–41). Although our
mathematical model is based on well-established infectious disease models (38, 42–45), it is the first to incor-
porate the potential inhibitory effects of elevated K1. It should be considered a first-order approximation of
the in vivo processes since the dynamics and effects of K1 on viral infection are complex, and numerous addi-
tional factors that might influence viral replication and spread (such as the presence of inflammatory and anti-
viral immune responses) are not modeled. The specific details of the mathematical model and computational
methods are included in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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