The Journal of Infectious Diseases

MAJOR ARTICLE

SAIDSA

Infectious Diseases Society of America hiv medicine association

Listeria Membrane Protrusion Collapse: Requirement of
Cyclophilin A for Listeria Cell-to-Cell Spreading

Aaron S. Dhanda," Katarina T. Lulic,' A. Wayne Vogl,2 Margaret M. Mc Gee,? Robert H. Chiu,*’ and Julian A. Guttman'

Department of Biological Sciences, Centre for Cell Biology, Development, and Disease, Simon Fraser University, Burnaby, British Columbia, Canada; 2Department of Cellular
and Physiological Sciences, Faculty of Medicine, University of British Columbia, Vancouver, Canada; 3School of Biomolecular and Biomedical Science, Conway Institute of
Biomolecular and Biomedical Research, University College Dublin, Belfield, Ireland; *Dental and Craniofacial Research Institute and School of Dentistry, University of California,
Los Angeles; *Surgical Oncology and Jonsson Comprehensive Cancer Center, University of California, Los Angeles

Background.  Listeria generate actin-rich tubular protrusions at the plasma membrane that propel the bacteria into neighboring
cells. The precise molecular mechanisms governing the formation of these protrusions remain poorly defined.

Methods.
at membrane protrusions used for cell-to-cell spreading.
Results.

In this study, we demonstrate that the prolyl cis-trans isomerase (PPlase) cyclophilin A (CypA) is hijacked by Listeria

Cyclophilin A localizes within the F-actin of these structures and is crucial for their proper formation, as cells depleted of

CypA have extended actin-rich structures that are misshaped and are collapsed due to changes within the F-actin network. The lack of
structural integrity within the Listeria membrane protrusions hampers the microbes from spreading from CypA null cells.

Conclusions.
Keywords.

Our results demonstrate a crucial role for CypA during Listeria infections.
cell-to-cell spread; cyclophilin A; Listeria; Listeria monocytogenes.

Cyclophilin A (CypA) is ubiquitously expressed in all eukary-
otic cells as a cytosolic and/or secreted protein [1-3]. As the
founding member of a class of enzymes (prolyl cis-trans isom-
erases [PPlases]) that promote protein folding and trafficking
through their ability to catalyze the isomerization of pepti-
dyl-prolyl bonds [4], CypA has been reported as an important
factor for several biological processes that require actin such as
cell migration [3, 5, 6] and general cytoskeletal organization [5].

The actin cytoskeleton is a crucial target of the disease-caus-
ing enteric bacterial pathogen, Listeria monocytogenes. These
bacteria control the host cell’s actin polymerization machin-
ery to invade and move within (and amongst) host cells [7].
Listeria monocytogenes gain their ability to move within host
cells through the actions of the N-WASp mimicking bacterial
surface protein ActA, which hijacks and activates the Arp2/3
complex at the bacterial surface in order to generate branched
actin-rich comet tails that propel the bacteria forwards [8].
Movement of the bacteria amongst cells relies on the generation
of modified comet tails that form membrane protrusions when
the bacteria engage the plasma membrane at the border of the
host cells [7]. These actin-rich protrusions cause corresponding
invaginations in the neighboring cells, which ultimately enable
L monocytogenes to be disseminated from one cell to another.
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In this study, we demonstrate that L monocytogenes hijack
CypA exclusively at their actin-rich membrane protrusions.
Using cells depleted of CypA, we show that these protrusions
are structurally collapsed due to the actin network within the
structures being morphologically altered at the bacterial attach-
ment site. This results in a significant decrease in the ability of
L monocytogenes to spread from cell to cell. Listeria monocy-
togenes infections of the null cells that are complemented with
green fluorescent protein (GFP)-CypA reverts the phenotype of
the collapsed protrusions to being indistinguishable from those
generated in wild-type (WT) cells. Collectively, our findings
highlight a novel actin-associated role of a cellular PPIase during
the proper formation and function of actin-rich structures that
are essential for the progression of L monocytogenes infections.

METHODS

Cell Culture

Human cervical (HeLa) and human lung (A549) epithelial cells
were acquired from American Type Culture Collection (catalog
numbers CCL-2 and CCL-185). Cyclophilin A WT (PPIA**)
and CypA knockout ([KO] PPIA~~) mouse embryonic fibro-
blast cells (MEFs) were generated previously [9]. HeLa cells,
CypA WT MEFs, and CypA KO MEFs were cultured using
Dulbecco’s modified Eagle’s medium (DMEM) containing high
glucose (Hyclone, GE Healthcare) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific).
SKOV3 cells were cultured using DMEM: nutrient mixture
F-12 (DMEM/F-12; Gibco, Thermo Fisher Scientific) supple-
mented with 10% FBS. A549 cells were cultured using Ham’s
F-12K (Kaighns’s) medium (Gibco, Thermo Fisher Scientific)
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supplemented with 10% FBS. All cell lines were maintained in a
cell culture incubator (37°C, 5% CO,). To seed cells for exper-
iments, flasks with cells were washed 3 times with Dulbecco’s
phosphate-buffered saline (PBS) without Ca?* and Mg?* (PBS
[-/-]) (Gibco, Thermo Fisher Scientific), trypsinized with
0.05% Trypsin-EDTA (Gibco, Thermo Fisher Scientific),
and then seeded onto clear polystyrene 6-well format plates
(Corning) containing glass coverslips. For electron microscopy
experiments, flexible silicone elastomer membranes (Flexcell
International) were used in place of glass coverslips.

Bacterial Strains and Growth Conditions

The bacterial strains used were L monocytogenes strains EGD
BUG 600 and AactA (gifted by Dr Pascale Cossart). All strains
were grown at 37°C in brain heart infusion (BHI) agar or broth
(BD Biosciences).

Listeria monocytogenes Infections

To infect cultured cells, overnight shaken broth cultures of L
monocytogenes were diluted 10x in BHI broth and then incu-
bated at 37°C in a shaking incubator until A, = 1.00. Once
cultures reached A, = 1.00, bacteria were spun down for
5 minutes at 10000 rpm (25°C) and washed with PBS [-/-].
Pelleted bacteria were resuspended with serum-free media then
diluted 100x. Diluted bacteria were added onto culture plates
containing host cells and incubated for 30 minutes to study bac-
terial internalization for at least 6 hours, to study comet tails
and actin-rich protrusion formation.

Reagents and Antibodies

Antibodies and reagents used in this study included the fol-
lowing: Alexa Fluor 594-, 488-, and 350-conjugated phalloi-
din (Invitrogen); Alexa Fluor 594-, 488-, and 350-conjugated
goat anti-rabbit and goat anti-mouse antibodies (2 pg/mlL;
Invitrogen); rabbit anti-CypA A (10 pg/mL for immunoflu-
orescence and 1 pug/mL for Western blot [ab41684; Abcam]);
mouse anti-ezrin (1:100 for immunofluorescence [CPTC-
Ezrin-1; Developmental Studies Hybridoma Bank]); mouse
anti-N-WASP (4 pg/mL for immunofluorescence [sc-100964;
Santa Cruz Biotechnology]); mouse anti-a tubulin (1:1000
for Western blot [12G10; Developmental Studies Hybridoma
Bank]); rabbit anti-L monocytogenes (1:300 for immunofluores-
cence [223021; BD Difco); horseradish peroxidase-conjugated
goat anti-rabbit and goat anti-mouse antibodies (1 pg/mlL;
Invitrogen); CellTracker Blue (Invitrogen); Neutral Red (72210;
Sigma-Aldrich) CypA (working concentration of 20 uM;
Abcam); and LIVE/DEAD Viability/ Cytotoxicity Kit, for mam-
malian cells (Thermo Fisher Scientific). The mouse mono-
clonal anti-a-tubulin antibody (12G10) was deposited to the
Developmental Studies Hybridoma Bank (DSHB) by Frankel,
J./Nelsen, E.M. (University of Iowa). The mouse monoclo-
nal anti-ezrin antibody (CPTC-Ezrin-1) was deposited to the
DSHB by Clinical Proteomics Technologies for Cancer.

Deoxyribonucleic Acid Constructs
Deoxyribonucleic acid plasmids encoding GFP-CypA and
GFP-CypA-R55A were generated previously [5, 10].

Microscopy

Images were acquired using a Leica DMI4000B (Leica
Microsystems) inverted fluorescent microscope fitted with a
Hamamatsu Orca R2 CCD camera (Hamamatsu Photonics).
All devices were controlled by MetaMorph Imaging System
software (Universal Imaging). Images obtained were evaluated
using Metamorph Imaging System software or Image].

Immunolocalization
Fixation and immunolocalization procedures can be found in
Supplemental Methods.

Cell-to-Cell Spreading Assay
Cell-to-cell spreading assay procedures can be found in
Supplemental Methods.

Plaque Assay
Plaque assay procedures can be found in Supplemental Methods.

Gentamicin Protection Assay
Gentamicin protection assay procedures can be found in
Supplemental Methods.

Cell Culture Transfections
Cell culture transfection procedures can be found in
Supplemental Methods.

Cyclophilin A Ribonucleic Acid Interference Knockdown
Ribonucleic acid (RNA) interference procedures can be found
in Supplemental Methods.

Lysate Preparation and Western Blotting
Preparation of lysates and Western blotting methods can be
found in Supplemental Methods.

Electron Microscopy
Electron Microscopy techniques can be found in Supplemental
Methods.

Statistical Analysis
Statistical analysis overview can be found in Supplemental
Methods.

RESULTS

Cyclophilin A Is Recruited Exclusively to Listeria monocytogenes
Actin-Rich Membrane Protrusions

Listeria monocytogenes harness the actin polymerization machin-
ery of their host cells at 4 distinct times in their infectious cycle:
(1) during host cell invasion, (2) at actin-rich clouds surround-
ing stationary bacteria, (3) at comet tails used for intracellular
actin-based motility, and (4) when spreading from one cell to
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another using actin-rich membrane protrusions. To investigate
whether CypA was recruited to any of these bacterially gener-
ated actin-rich sites, we infected HeLa cells with WT L mono-
cytogenes and stained fixed cells using anti-CypA antibodies.
We found that CypA was present at L monocytogenes-generated
membrane protrusions but was absent from all other actin-rich
sites during these infections (Figure 1A). Cyclophilin A stabi-
lizes N-WASp through its GPXLP motif [5], implying that CypA
could be involved in actin regulation. Because L monocytogenes
uses an N-WASp mimic that does not contain the GPXLP site,
this suggested to us that the observed CypA recruitment to the
actin protrusions was independent of N-WASp. To confirm this,
we costained infected cells with anti-CypA and anti-N-WASp
antibodies. As expected, N-WASp was absent from the L mono-
cytogenes protrusions (Figure 1C). The altered localization of
CypA in infected cells did not correspond to a change in expres-
sion levels when compared with uninfected cells (Figure 1D). We
also performed infections using an L monocytogenes actA-dele-
tion mutant, which is unable to generate F-actin networks at its
surface, and found that CypA was not present at the surface of
these bacteria (Supplementary Figure 1).

To further validate our findings, we transfected GFP-CypA
into HeLa cells and assessed its presence at L monocytogenes
membrane protrusions when expressed in a protrusion origi-
nating cell (sending cell) or a protrusion engulfing cell (receiv-
ing cell). The GFP-CypA was present only at membrane
protrusions originating from a sending cell but not at L mono-
cytogenes membrane protrusions or protrusion invaginations

when expressed in receiving cells (Figure 1B).

Cyclophilin A Is Required for the Proper Formation of Listeria
monocytogenes Membrane Protrusions

To determine the functional importance of CypA at L mono-
cytogenes membrane protrusions, we infected cells depleted of
CypA (CypA KO) with L monocytogenes and saw that they were
severely misshapen when compared with their counterparts in
CypA WT cells (Figure 2A and B). Those structures (confirmed
using the L monocytogenes membrane protrusion marker,
ezrin) did not stretch outwards from the host cell and appeared
collapsed (Figure 2C). To confirm that collapsed L monocy-
togenes protrusions were not a cell-line specific phenotype, we
preformed small interfering RNA (siRNA)-mediated knock-
downs of CypA in the A549, SKOV3, and HeLa cell lines. As
expected, CypA was enriched at L monocytogenes protrusions in
cells treated with control nontargeting siRNA (Supplementary
Figure 2A), whereas in cell lines with CypA knocked down, we
saw similar collapsed protrusions (Supplementary Figure 2B) as
noted in the CypA KO cells (Figure 2). A potential reason for
the collapsed protrusions could be the generation of an unfa-
vorable intracellular environment over the course of infection
due to high bacterial loads. To test this, we examined L mono-
cytogenes protrusions generated in CypA KO cells infected with

fewer than 10 bacterial cells. We saw that, even in cells with
low infection levels, L monocytogenes protrusions were still col-
lapsed (Supplementary Figure 3).

To gain further insight into the collapsed L monocytogenes
membrane protrusions, we used transmission electron micros-
copy. Listeria monocytogenes membrane protrusions are gener-
ally straight in their appearance and contain proximally located
branched F-actin that broadens into a relatively uniform thick-
ness at the base of the bacteria (Figure 2D, left). We found
that the overall appearance of collapsed protrusions in CypA
KO cells was dramatically altered at the ultrastructural level.
We noticed that the actin did not originate as a broad band at
the base of some protrusions, but rather it came from a nar-
row zone, which then flared into a broad array more distally
(Figure 2D, middle). Other protrusions showed a misorienta-
tion of actin filaments along the lateral side of the microbes and
a lack of uniformity within the structures (Figure 2D, right).

When CypA KO cells were transfected with either GFP-
CypA or an enzymatic mutant (GFP-CypA-R55A), the WT
morphology of the L monocytogenes protrusions was rescued
(Figure 2E), suggesting that the PPIase activity of CypA is likely
dispensable at L monocytogenes protrusions. Furthermore, we
saw no alteration to the protrusions in CypA WT cells that were
transfected with GFP-CypA-R55A compared with cells trans-
fected with GFP-CypA (Supplementary Figure 4).

Because CypA is a protein that is also secreted from cells [2],
we investigated whether secreted CypA could play a role in L
monocytogenes actin-rich protrusion formation. We initially
probed the supernatants of cultured CypA WT cells and found
that CypA is in fact secreted from the WT cells (Supplementary
Figure 5A). To ascertain the role of secreted CypA on L mono-
cytogenes protrusion formation, we added 24-hour spent media
from cultured CypA WT and CypA KO cells as well as fresh cul-
ture media separately onto infected CypA KO cells. In all cases,
the L monocytogenes protrusions remained collapsed, suggest-
ing that intracellular CypA is the functioning source of the pro-
tein at the structures (Supplementary Figure 5B).

Cyclophilin A PPlase activity is a well known target of the
immunosuppressive drug cyclosporin A (CsA). To test whether
treatment of cells with CsA would affect L monocytogenes pro-
trusion formation, we treated infected CypA WT cells with
CsA (20 uM) and examined L monocytogenes membrane pro-
trusions. Similar to our results using GFP-CypA-R55A, inhi-
bition of CypA PPlase activity did not alter CypA recruitment
to the L monocytogenes protrusions (Supplementary Figure 6).
Because CypA was not present at comet tails, it was not sur-
prising that they remained morphologically indistinguishable
between the KO and WT CypA cells (Supplementary Figure 7A
and B). Taken together, these data indicate that CypA is needed
for proper L monocytogenes membrane protrusion formation as
well as F-actin organization within the structures and does so
independently of its PPIase activity.

CypA Promotes Listeria Spreading « JID 2018:XX (XX XXXX) « 3

Downl oaded from https://academ c. oup. con jid/advance-article-abstract/doi/10.1093/infdis/jiy255/4992515
by Sinon Fraser University user
on 06 June 2018


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy255#supplementary-data

Actin

Lm Protrusions Lm Comet Tails Lm Invasion

Sending Cell

D Uninf Lm

— e DA

Receiving Cell

o-tubulin

Figure 1. Cyclophilin A (CypA) is recruited to Listeria monocytogenes (Lm)-containing membrane protrusions. (A) Hela cells infected with wild-type Lm for 30 minutes (inva-
sion) or 6 hours (comet tail and protrusion formation) were fixed then stained with a rabbit polyclonal CypA targeting antibody (green), Alexa594-phalloidin (red) to visualize
F-actin, and 4',6-diamidino-2-phenylindole ([DAPI] blue) to visualize deoxyribonucleic. Cyclophilin A is recruited to protrusions but no other bacterially generated actin-rich
structures. Solid arrowheads within insets (enlargement of boxed regions) indicate, from top to bottom, bacterial invasion sites, a comet tail, and multiple protrusions.
Absence of CypA at actin clouds is indicated by open arrowheads. Scale bars are 10 pm and 2 um (insets). (B) Hela cells expressing green fluorescent protein (GFP)-CypA
were infected with L monocytogenes. Green fluorescent protein-CypA is present at L monocytogenes protrusions moving from GFP-CypA-positive Hela cells (Sending Cell)
into GFP-negative cells, but not at protrusions or protrusion invaginations when GFP-CypA is expressed in a receiving cell (Receiving Cell). Open arrowheads indicate bacteria,
and solid arrowheads point to L monocytogenes protrusions and invaginations. Scale bar is 2 um. (C) Protrusion from a Hela cell infected with L monocytogenes showing CypA
enrichment and N-WASp absence at the structure. Actin is shown to identify the L monocytogenes protrusion (arrowheads). Scale bar is 1 ym. (D) Western blot of uninfected
(left) and 8-hour L monacytogenes infected (right) HeLa whole-cell lysate probed with a rabbit polyclonal CypA targeting antibody shows no alteration in CypA protein levels.
The blot was stripped and reprobed with a mouse anti-a tubulin antibody to confirm equal loading.

4 o JID 2018:XX (XX XXXX) e Dhanda et al

Downl oaded from https://academ c. oup. con jid/advance-article-abstract/doi/10.1093/infdis/jiy255/4992515
by Sinon Fraser University user
on 06 June 2018



A CypA Actin DAPI Merge

AN

CypAWT Actin DAPI CypA KO

CypA WT CypA KO D CypA WT

Ezrin

Actin

=

\}

Figure 2.  Cyclophilin A (CypA) is crucial for proper F-actin organization and attachment within Listeria monocytogenes membrane protrusions. (A) CypA wild-type (WT) and
CypA knockout (KO) cells infected with L monocytogenes (blue) were fixed then stained using a rabbit polyclonal CypA targeting antibody (green). Cyclophilin A is abundant
at normal actin-rich (red) L monacytogenes protrusions (arrows) extending outwards from host CypA WT cells (top). Listeria monocytogenes protrusions (arrows) in CypA KO
cells (bottom) are collapsed and highly twisted. Scale bar is 5 um. (B) Enlargement of L monocytogenes protrusions labeled in (A). Open arrowheads indicate L monocyto-
genes bacteria (blue), whereas solid arrowheads point to the corresponding protrusions (red). Color intensities were enhanced from (A) to clearly identify the bacteria and
protrusions. Scale bar is 1 ym. (C) Ezrin immunolocalization (green) at actin-rich L monocytogenes membrane protrusions (red) generated in CypA WT and CypA KO cells. Ezrin
is present at WT and collapsed L monocytogenes protrusions. Open arrowheads indicate the location of L monocytogenes bacteria (blue), whereas solid arrowheads point
to the protrusions. Scale bar is 1 um. (D) Transmission electron micrographs of morphologically normal L monocytogenes membrane protrusions generated in CypA WT cells
(left) and protrusions from CypA KO cells (middle and right). Open arrowheads indicate bacteria, whereas solid arrowheads point to protrusions. Scale bars are 500 nm. (E)
Cyclophilin A KO cells were rescued by transfection of green fluorescent protein (GFP)-CypA (top) or the enzymatic mutant GFP-CypA-R55A (bottom). Listeria monocytogenes
protrusions in those cells appear morphologically normal in the presence of either GFP-CypA or GFP-CypA-R55A. Open arrowheads indicate L monocytogenes (phase contrast),
whereas solid arrowheads point to the rescued protrusions. Scale bar is 2 ym.
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Cyclophilin A Is Important for Listeria monocytogenes Cell-to-Cell
Spreading

Our observations of collapsed L monocytogenes protrusions
in cells depleted of CypA suggested that the projection of the
structures into neighboring cells and thus the cell-to cell trans-
fer of bacteria might be affected. We initially quantified the
abundance of the L monocytogenes protrusions compared with
all actin-rich structures (clouds, comet tails, and protrusions)
formed by L monocytogenes in CypA null cells compared with
CypA WT cells. We found that CypA expression increased
the amount of protrusions per infected cell (Supplementary
Figure 8A). To test the importance of CypA for L monocy-
togenes cell-to-cell spreading, we modified a mixed-cell popula-
tion cell-to-cell spreading assay [11]. This allowed us to quantify
the number of L monocytogenes protrusions moving from
unlabeled protrusion-sending cells (either CypA WT or CypA
KO) into uninfected, but labeled (CellTracker Blue), L mono-
cytogenes protrusion-receiving cells (CypA WT) (Figure 3A).
As expected, most protrusions originating from CypA KO
cells were collapsed (Figure 3A and Supplementary Figure 8B).
However, we were able to detect a few protrusions moving from
one cell to another (Figure 3A and Supplementary Figure 8C).
We calculated a ~2.5-fold increase in the number of protrusions
moving cell-to-cell when they were generated in cells express-
ing CypA (Figure 3B). We also noticed that protrusions moving
from CypA WT cells formed clusters of multiple protrusions,
whereas CypA KO cells projected only single bacteria whose
protrusions were extremely thin (Figure 3A and Supplementary
Figure 8C). We also tested whether using CypA KO cells as the
protrusion-receiving cell in the spreading assays would alter
the efficiency of bacterial cell-to-cell transfer. In these assays,
we detected similar collapsed protrusion phenotypes as well as
a ~3-fold spreading deficit from bacteria in CypA KO protru-
sion-sending cells (Figure 3C and D).

We next performed plaque assays, another commonly used
method to further assess bacterial spreading as well as cytotox-
icity resulting from L monocytogenes infections. We were surp-
ised to find that plaques were generated in monolayers of CypA
KO cells infected with L monocytogenes after only 48 hours
(Supplementary Figure 9A and B). In contrast, no plaques could
be identified at the same time point in infected monolayers of
CypA WT cells (Supplementary Figure 9A and B). We exam-
ined host cell viability earlier in the infections to try to tease out
a potential explanation behind the plaque assays. We found that
samples of infected CypA KO cells formed numerous clusters of
dying cells compared with infected WT samples, which showed
only spaced out and individual dying cells (Supplementary
Figure 9C). Because of this, we thought one likely scenario to
explain the early appearance of plaques could occur from ele-
vated bacterial loads in CypA KO cells compared with WT cells,
resulting in more rapid and aggregative cytotoxicity. We per-
formed gentamicin protection assays to enumerate the number

of intracellular bacteria during infections and found a 3-fold
increase in the number of intracellular bacteria within CypA
KO cells compared with WT cells (Supplementary Figure 10A).
We also saw abundant clustering of bacteria in CypA KO cells
compared with WT cells during early infection time points
(Supplementary Figure 10B). Taken together, these findings
reveal that although CypA functions normally to restrict bacte-
rial invasion, it is hijacked later by L monocytogenes to promote
the efficient cell-to-cell spreading of the bacteria.

DISCUSSION

In this study, we demonstrate a unique role for CypA in stabi-
lizing actin-rich membrane protrusions generated by L mono-
cytogenes and thus facilitating L monocytogenes infection by
directly promoting the association of protruding bacteria with
neighboring host cells during bacterial spreading events. In
addition, our findings reveal a novel actin-associated role for
CypA that does not depend on N-WASp.

Cyclophilin A directly interacts with and stabilizes N-WASp,
a cellular activator of Arp2/3-based F-actin nucleation/polym-
erization [5]. However, the actin-based propulsion and spread-
ing of L monocytogenes relies solely on the bacterial surface
N-WASp-mimicking protein, ActA, to activate the Arp2/3
complex, because L monocytogenes bacteria readily generate
motile comet tails in vitro when coincubated with purified
actin polymerization components that do not include N-WASp
[8, 12]. Although ActA is a very efficient N-WASp mimic, it is
not identical, and a number of our findings strongly suggest that
CypA may associate with alternative sites at actin-rich struc-
tures. First, we find CypA enriched throughout the networked
actin-rich core of the L monocytogenes protrusions rather than
just at the bacterial surface where ActA is present. Second,
CypA is known to require the GPXLP motif within N-WASp
[5], which is absent in ActA. Third, CypA is completely absent
from cytosolic actin-rich comet tails. This final point suggests
that accessory proteins present at protrusions but not at comet
tails might be key for CypA association at those structures. Our
finding that the actin network originates from alternative (nar-
row or lateral) regions on the bacteria suggests that this host
protein may influence the localization of ActA on L monocy-
togenes. This would be the first evidence of a host protein alter-
ing the positioning of a bacterial cell surface effector and will
require more investigation. Recent studies have uncovered that
the secreted L monocytogenes protein InIC promotes bacte-
rial spreading via its ability to perturb apical junction integrity
through antagonism of the host adaptor Tuba [13]. Tuba and its
binding partners N-WASp, Sec31, and Sec13 normally restrict
bacterial spreading by generating tension at the cell borders
[13, 14]. Whereas here we show that CypA within the actin-
core of protrusions promotes efficient bacterial cell-to-cell
spreading, whether or not CypA at apical junction complexes
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Figure 3. Cyclophilin A (CypA) promotes Listeria monocytogenes cell-to-cell spreading. (A) Micrographs representative of cell-to-cell spread assays. Cyclophilin
A wild-type ([WT] top) or CypA knockout ([KO] bottom) cells infected with L monocytogenes were overlaid onto cultures of uninfected CypA WT cells (blue cells).
Stars indicate the cell that is sending the L monocytogenes membrane protrusions (white arrows) that are moving into uninfected CypA WT cells (blue). Translucent
arrows indicate the direction of bacterial dissemination. Fewer and thinner protrusions (numbered arrows; see also Supplemental Figure 7C) move from CypA KO
cells into neighboring cells. Listeria monocytogenes bacteria are immunolabeled using a rabbit anti-L monocytogenes antibody (green), and F-actin is stained using
Alexab594-phalloidin (red). Insets are enlargements of actively spreading bacteria. Scale bars are 10 ym and 2 pm (insets). (B) Proportion of L monocytogenes membrane
protrusions moving from CypA WT or CypA KO cells into neighboring CypA WT receiving cells. Data are presented as a bar graph of the average value + standard error
of the mean (s.e.m.) from 3 independent experiments (24 infected cells counted for each sending cell genotype). The average percentage of protrusions associated
with neighboring CellTracker-labeled cells is as follows: 32.9% (from CypA WT sending cells) and 13.8% (from CypA KO sending cells). (C) Micrographs representative
of cell-to-cell spread assays. Cyclophilin A WT (top) or CypA KO (bottom) cells infected with L monocytogenes were overlaid onto cultures of uninfected CypA KO
cells (blue cells). Stars indicate the cell that is sending the L monocytogenes membrane protrusions (white arrows) that are moving into uninfected CypA KO cells
(blue). Translucent arrows indicate the direction of bacterial dissemination. Fewer and thinner protrusions move from CypA KO cells into neighboring cells. Listeria
monocytogenes bacteria are immunolabeled using a rabbit anti-L monocytogenes antibody (green), and F-actin is stained using Alexa594-phalloidin (red). Insets are
enlargements of actively spreading bacteria. Scale bars are 10 pm and 2 ym (insets). (D) Proportion of L monocytogenes membrane protrusions moving from CypA WT
or CypA KO cells into neighboring CypA KO receiving cells. Data are presented as a bar graph of the average value + s.e.m. from 3 independent experiments (24 infected
cells counted for each sending cell genotype). The average percentage of protrusions associated with neighboring CellTracker-labeled cells is as follows: 41.9% (from
CypA WT sending cells) and 14.1% (from CypA KO sending cells).
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augments junctional tension through N-WASp or is hijacked by
the bacteria for their spread will require further study.

The most dramatic effects we saw were the collapse of actin-
rich membrane protrusions in cells depleted of CypA. This is a
rarely seen phenotype that has only been observed with inhibi-
tion of the ezrin/radixin/moesin (ERM) family protein ezrin, a
well known cytoskeletal-plasma membrane linker [15]. Unlike
ezrin, we suspect that CypA does not directly interact with and
stabilize actin filaments within the growing L monocytogenes
protrusions, because this protein does not possess any known
actin-binding motifs. One possibility to explain this stabilizing
role is that CypA within the structures is used in a complex to
properly recruit or activate other F-actin stabilizers such as ezrin
within the L monocytogenes protrusions. Because ezrin (and
other ERM proteins) is known to require activation via phos-
phorylation to interact with actin filaments and stabilize these
structures, this may explain our finding of altered F-actin net-
works and collapsed protrusions in the CypA null cells [15, 16].

CONCLUSIONS

In conclusion, we have shown that CypA is an integral factor for
the proper formation of L monocytogenes actin-rich membrane
protrusions and that cell-to-cell spreading of L monocytogenes is
significantly attenuated in the absence of CypA. The novel role
this molecular chaperone plays at these bacterially generated
structures could have broad applications to other membrane/
actin-rich sites within the cell as well as other pathogens that
co-opt the host actin cytoskeleton for their disease progression.
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Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
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