AMERICAN

Journal of
SOCIETY FOR ;
microsioLocy | V| rology

4

CrossMark
& click for updates

Cell-to-Cell Contact and Nectin-4 Govern Spread of Measles Virus
from Primary Human Myeloid Cells to Primary Human Airway

Epithelial Cells

Brajesh K. Singh,? Ni Li,® Anna C. Mark,® Mathieu Mateo,”* Roberto Cattaneo,® Patrick L. Sinn?

Stead Family Department of Pediatrics, Carver College of Medicine, The University of lowa, lowa City, lowa, USA%; Department of Molecular Medicine, Mayo Clinic,

Rochester, Minnesota, USA®

ABSTRACT

Measles is a highly contagious, acute viral illness. Immune cells within the airways are likely first targets of infection, and these
cells traffic measles virus (MeV) to lymph nodes for amplification and subsequent systemic dissemination. Infected immune cells
are thought to return MeV to the airways; however, the mechanisms responsible for virus transfer to pulmonary epithelial cells
are poorly understood. To investigate this process, we collected blood from human donors and generated primary myeloid

cells, specifically, monocyte-derived macrophages (MDMs) and dendritic cells (DCs). MDMs and DCs were infected with MeV
and then applied to primary cultures of well-differentiated airway epithelial cells from human donors (HAE). Consistent with
previous results obtained with free virus, infected MDMs or DCs were incapable of transferring MeV to HAE when applied to the
apical surface. Likewise, infected MDMs or DCs applied to the basolateral surface of HAE grown on small-pore (0.4-pm) support
membranes did not transfer virus. In contrast, infected MDMs and DCs applied to the basolateral surface of HAE grown on
large-pore (3.0-ium) membranes successfully transferred MeV. Confocal microscopy demonstrated that MDMs and DCs are ca-
pable of penetrating large-pore membranes but not small-pore membranes. Further, by using a nectin-4 blocking antibody or
recombinant MeV unable to enter cells through nectin-4, we demonstrated formally that transfer from immune cells to HAE
occurs in a nectin-4-dependent manner. Thus, both infected MDMs and DCs rely on cell-to-cell contacts and nectin-4 to effi-

ciently deliver MeV to the basolateral surface of HAE.

IMPORTANCE

Measles virus spreads rapidly and efficiently in human airway epithelial cells. This rapid spread is based on cell-to-cell contact
rather than on particle release and reentry. Here we posit that MeV transfer from infected immune cells to epithelial cells also
occurs by cell-to-cell contact rather than through cell-free particles. In addition, we sought to determine which immune cells
transfer MeV infectivity to the human airway epithelium. Our studies are based on two types of human primary cells: (i) myeloid
cells generated from donated blood and (ii) well-differentiated airway epithelial cells derived from donor lungs. We show that
different types of myeloid cells, i.e., monocyte-derived macrophages and dendritic cells, transfer infection to airway epithelial
cells. Furthermore, cell-to-cell contact is an important component of successful MeV transfer. Our studies elucidate a mecha-
nism by which the most contagious human respiratory virus is delivered to the airway epithelium.

easles virus (MeV) is extremely contagious and infects its

human host via the respiratory route. For many years, MeV
was thought to enter through the apical surface of airway epithelial
cells (1), a misconception based on studies performed with polar-
ized immortalized cell lines (2, 3). Using well-differentiated pri-
mary cultures of airway epithelial cells from human donors
(HAE), we demonstrated that MeV has a clear preference for ba-
solateral entry (4). HAE differentiate into a pseudostratified co-
lumnar epithelium sheet comprised of ciliated, nonciliated, basal,
and goblet cells. This model system is highly representative of the
in vivo airways (5). MeV infection of HAE results in the formation
of infectious centers that, unlike syncytia, retain intact plasma
membranes (4, 6, 7). MeV-mediated infectious-center formation
in HAE differs from that of most paramyxoviruses (7) and may
result from the unique receptor specificity of the Morbillivirus
genus (8—11). Indeed, we have shown that infectious-center for-
mation in HAE results from direct cell-to-cell spread and is facil-
itated by the nectin-4/afadin complex (7). These studies highlight
the importance of using an appropriate model system to study
MeV entry and spread.
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How MeV eventually reaches the airway epithelium during a
natural infection is less clear. Initially, the infection may be ferried
through the epithelium by myeloid cells that sample the airway
lumen and express the primary MeV receptor signaling lympho-
cyte activation molecule family member 1 (SLAMFI, also known
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as CD150) (12). In transgenic mice expressing human SLAM,
MeV replication was observed in lung resident myeloid cells 24 h
after experimental infection (13). Subsequent infection phases
were documented for nonhuman primates. MeV replicated vigor-
ously in primary and secondary lymphatic organs of cynomolgus
macaques 3 to 5 days after inoculation (14). A few days later, most
infected cells in the upper airways were of lymphoid or myeloid
origin (15). MeV replication in airway epithelial cells was not ob-
served until the second week following infection (16, 17). Infected
myeloid cells were observed below infectious centers in the lamina
propria of the trachea. We posited that dendritic cells (DCs) or
macrophages must deliver MeV to airway epithelial cells; how-
ever, based on available information, the mechanism of this viral
transfer remained unknown.

MeV is the most contagious human respiratory virus (18), and
within natural hosts, infections appear to remain largely cell asso-
ciated (19). No free virus is detected in blood of humans or exper-
imentally infected monkeys, for which virus titers are measured by
overlaying leukocytes onto SLAM-expressing cells. Only small
amounts of cell-free virus can be isolated from respiratory tract
secretions (19). In cultured cells, MeV particles accumulate below
the plasma membrane (20) and the ratio of secreted to intracellu-
lar infectivity is about 1:10 (21). Together, these observations sug-
gest that within a natural host, MeV infection may be entirely cell
associated, and free particle formation may not be needed. Our
focus in this study was to understand how MeV infections are
transferred from myeloid to epithelial cells.

To study this process, we relied exclusively on primary cells
that were derived from either blood or lungs of human donors.
We differentiated circulating monocytes into macrophages and
DCs. Monocyte-derived macrophages (MDMs) and DCs recapit-
ulate the functional phenotypes of macrophages in vivo for allergy,
parasitic infections, and certain cancers (22). Here we report that
DCs and MDMs are both permissive for MeV infection. We also
demonstrate formally that transfer of MeV from immune to epi-
thelial cells requires the epithelial receptor nectin-4 (6, 8, 10) and
that cell-to-cell contact is necessary for efficient MeV transfer.

MATERIALS AND METHODS

Ethics statement. All studies involving human subjects received Univer-
sity of Jowa Institutional Review Board approval. All adult subjects pro-
vided informed, written consent. No children were part of this study.
Isolation of primary human monocyte-derived macrophages. To
isolate peripheral blood mononuclear cells (PBMCs), whole blood was
collected from healthy human donors and separated by Ficoll-Paque
(Thermo Fisher) gradients. To differentiate cells into macrophages, iso-
lated monocytes were maintained in 100-mm dishes in complete RPMI
1640 medium (RPMI 1640 medium supplemented with 10% fetal bovine
serum [FBS], 2 mM L-glutamine, 100 U/ml of penicillin, and 100 U/ml of
streptomycin) supplemented with either human granulocyte-macro-
phage colony-stimulating factor (GM-CSF; 50 ng/ml), human M-CSF (50
ng/ml), or human GM-CSF (50 ng/ml) plus human interleukin 4 (IL-4; 20
ng/ml). The culture medium was changed every 3 days. Macrophages
were considered fully differentiated by 6 to 7 days of culture as defined by
a change in morphology. After 6 to 7 days of differentiation, MDMs were
activated toward particular phenotypes using different cytokine combi-
nations. For the M1 phenotype, GM-CSF-induced MDMs were stimu-
lated for 18 h with tumor necrosis factor alpha (TNF-c; 20 ng/ml) plus
human gamma interferon (IFN-y; 20 ng/ml). For the M2 phenotype,
M-CSF-induced MDMs were activated for 18 h with human IL-4 (10
ng/ml) and human IL-13 (10 ng/ml). For DCs, monocytes were simply
maintained for 6 to 7 days in human GM-CSF and human IL-4.
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RT-qPCR. Total RNA from cells was purified using a Direct-zol RNA
MiniPrep kit (Zymo Research, Irvine, CA) according to the manufactur-
er’s instructions. The RNA concentration was determined with an ND-
1000 spectrophotometer (NanoDrop). Total RNA (500 ng) was reverse
transcribed by using a high-capacity reverse transcription (RT) kit
(Thermo Fisher Scientific, Waltham, MA) according to the manufactur-
er’s instructions. RT-quantitative PCRs (RT-qPCRs) were performed in
an ABI Prism 7900 HT real-time PCR system (Thermo Fisher Scientific).
The PCR conditions were as follows: 95°C for 10 min, 95°C for 15 s, and
60°C for 1 min for 40 cycles. The following primers were used in RT-qPCR
analysis: for hCXCL9, CCACCCGAACGTCTTATCTAATC (forward)
and GTGGGTCACAGACTCTCAAAT (reverse); for hCXCL10, TCTCC
CATCACTTCCCTACAT (forward) and GGAGTAGTAGCAGCTGAT
TTGG (reverse); for hCCL13, CAGAGGCTGAAGAGCTATGTG (for-
ward) and CAGATCTCCTTGCCCAGTTT (reverse); and for hCCL17,
GAGTACTTCAAGGGAGCCATTC (forward) and TGCCCTGCACAGT
TACAAA (reverse). The results were analyzed using the software (SDS,
version 2.3) provided by the instrument. The relative expression of the
genes was calculated by the threshold cycle (2724T) formula using
SFRS-9 as a normalizer. The values reported are means for at least three
biological replicates, each with three technical replicates.

Cell culture. Primary cultures of human airway epithelia were pre-
pared from trachea and bronchi by enzymatic dispersion using estab-
lished methods (5). Briefly, epithelial cells were dissociated and seeded
onto collagen-coated, semipermeable membranes with a 0.4-pm (num-
ber 3470; Corning, Lowell, MA) or 3-wm (number 3472; Corning) pore
size (surface area, 0.33 cm?). Human airway epithelial cultures were main-
tained in Ultroser G (USG) medium at 37°C and 5% CO,. Polyester
Transwell inserts were placed into 24-well plastic cell culture plates (Co-
star, Cambridge, MA). Twenty-four hours after seeding, the mucosal me-
dium was removed and the cells were allowed to grow at the air-liquid
interface as reported previously (5). Only well-differentiated cultures (>3
weeks old) were used in these studies. We note that the choice of insert was
important because substantially reduced MeV infection was observed
through alternative membrane materials (number 3413; Corning). The
presence of tight junctions was confirmed by measuring the transepithe-
lial resistance using a volt-ohm meter (World Precision Instruments,
Sarasota, FL; resistance > 500 €) - cm?).

MeV production and titer determination. MeV-GFP production was
conducted as previously described (6, 23). MeV-GFP is a derivative of
wild-type strain ICB-323 (24) expressing green fluorescent protein (GFP)
from an additional transcription unit inserted upstream of the nucleocap-
sid gene (6). Briefly, Vero cells stably expressing the MeV receptor
SLAMF1 (Vero-hSLAM cells) and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA) contain-
ing 8% newborn calf serum (NCS; Thermo Fisher Scientific) and penicil-
lin-streptomycin (100 mg/ml; Thermo Fisher Scientific) were used to
produce MeV-GFP. MeV-GFP titers of approximately 1 X 107 50% tissue
culture infective doses (TCID,,)/ml were obtained. MeV release into cul-
ture medium from infected immune cells was also quantified by plaque
formation assay on Vero/hSLAM cells as described previously (6).

MeV infection of human MDMs and HAE. For MeV infection of
MDM:s or DCs, cells were first plated in 12- or 6-well plates with 50,000 to
300,000 cells per well and incubated with MeV-GFP (produced in Vero-
hSLAM cells) at a multiplicity of infection (MOI) of 1 for 4 h. Cells were
then washed three times with phosphate-buffered saline (PBS) and al-
lowed to culture for 2 days in complete RPMI 1640. MeV-infected MDMs
or dendritic cells were dislodged using 0.25% trypsin—-1 mM EDTA and
cell scraping and resuspended in 50 wl of MEM. For basolateral infection
of HAE, the Transwell culture insert containing the airway epithelial cul-
ture was turned over. Free virus or infected immune cells were applied for
4 h; then the inserts were washed with 1X PBS and returned to the upright
position. For apical infection, free virus or infected immune cells were
simply applied to the apical surface. Alternatively, Transwell culture in-
serts containing the airway epithelial cultures were scratched on the apical
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FIG 1 Characterization of human myeloid cells during differentiation. (A) Schematic of differentiation and polarization culture conditions for the human
monocytes into M1 MDMs, M2 MDMs, and DCs. (B) DCs, M1-MDMs, and M2-MDM:s were immunostained with DC-specific marker DC-LAMP, M 1-specific
marker CCR7, and M2-specific marker CD163. Scale bars = 100 pm. RNA was collected from DCs and MDMs at day 7. M1-specific (C) and M2-specific (D)
biomarkers were analyzed using RT-qPCR assays. Data are expressed as mean fold change * standard error (n = 3).

side with a 200-pl pipette tip to expose the basolateral surface, and free
virus or infected immune cells were applied to the apical surface. As be-
fore, the suspension of MeV-infected cells or free virus was allowed to
incubate with HAE for 4 h. After incubation, airway epithelial cultures
were washed with 1X PBS. The cultures were then allowed to incubate at
37°C and 5% CO, for 3 days unless otherwise indicated.

SLAMF1 surface staining and fluorescence-activated cell sorter
(FACS) analysis. For cell surface staining for SLAMF1 (CD150), 1 X 10°
cells were first blocked with 1 pug of human IgG and incubated with 1 pg
of anti-CD150 phycoerythrin (PE)-conjugated (number 12-1502; eBio-
science, San Diego, CA) antibodies on ice. Cells were then fixed and per-
meabilized with Cytofix/Cytoperm solution (number 554722; BD Biosci-
ences, San Jose, CA). All flow cytometry data were acquired on a BD
FACSVerse (BD Biosciences) and were analyzed using FlowJo software
(Tree Star Inc.).

Imaging and confocal microscopy. After the desired times postinfec-
tion, the cells were initially imaged on an inverted UV fluorescence mi-
croscope and then processed further for confocal microscopy. For pro-
cessing, the cells were fixed in 2% paraformaldehyde, permeabilized in
0.2% Triton X-100, and blocked in 1% bovine serum albumin (BSA) for 1
h. For immunostaining, HAE were stained with primary antibodies
anti-hCD14 (1:200; R&D Systems, Minneapolis, MN) overnight at
4°C, followed by 1 h of incubation with either Alexa Fluor 488-labeled
goat anti-sheep, Alexa Fluor 568-labeled goat anti-sheep, or Alexa Fluor
568-labeled goat anti-rabbit secondary antibody (Life Technologies). The
Transwell inserts containing the cells were separated from the plastic cyl-
inder by cutting the edges with a razor blade and mounted on a slide with
Vectashield with 4',6-diamidino-2-phenylindole (DAPI; Vector Labora-
tories Inc., Burlingame, CA). The cells were visualized and photographed
on a Leica TCS SP3 confocal microscope (Leica Microsystems Inc., Buf-
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falo Grove, IL) using a 40X oil immersion objective. Three-dimensional
(3D) reconstructions of the cells were built from ~80 to 90 optical z-
stacks (step size of 1 wm) using Image]J 1.47v software.

Nectin-4 monoclonal antibody (MAb) blocking assay. Scratched
HAE were washed and incubated with 10 pg of anti-Nectin-4 clone N4.61
(EMD Millipore) or isotype controls at 37°C for 1 h. After antibody incu-
bation, the suspension of MeV-infected cells or free virus was delivered to
HAE for 4 h. Following the infection period, HAE were washed with 1X
PBS. The cultures were then allowed to incubate at 37°C and 5% CO, for
3 days unless otherwise indicated.

Statistical analysis. Data are presented as means * standard errors of
individual data points. Statistical significance between groups was deter-
mined by Student’s ¢ test.

RESULTS

MeV infection of myeloid cells. Myeloid cells include leukocytes
such as monocytes, macrophages, and dendritic cells (DCs). Non-
human primate studies suggest that myeloid cells may deliver
MeV to airway epithelial cells (14-17), but the mechanisms of
virus transfer are poorly understood. To assess how permissive
different types of myeloid cells are for MeV infection, we first
collected primary monocytes from human blood donors and dif-
ferentiated them into monocyte-derived macrophages (MDMs)
or DCs. MDMs were generated using two different protocols
(shown schematically in Fig. 1A). Protocol 1 yields a proinflam-
matory population of macrophages, termed M1 MDMs (25). Fol-
lowing differentiation, these cells express the appropriate mark-
ers, CCR7, CXCL-9, and CXCL-10 (Fig. 1B and C). MDMs
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FIG 2 MeV infection of myeloid cells. (A) M1 MDMs, M2 MDMs, and DCs were infected with MeV-GFP at an MOI of 1. Two days postinfection, GFP
expression was imaged by fluorescence microscopy (bottom images) and GFP-positive cells were quantified. Transmitted light images confirm similar conflu-
ence of cells. n = 12 donors. **, P < 0.0001. Scale bars = 100 pm. (B) Surface expression of MeV receptor SLAMF1 was determined by FACS analysis and is
reported as the mean fluorescence intensity (MFI) in MeV-infected myeloid cell populations. Only SLAMF1 " cells were included in the analysis. (C) The mean

GFP expression
(MFI1 of MeV infected cells)

fluorescence intensity of GFP expression in MeV-infected myeloid cell populations was determined by FACS analysis. n = 4 donors. *, P < 0.05.

generated using protocol 2 express the markers CD163, CCL-13,
and CCL-17 and represent an anti-inflammatory population (25)
termed M2 MDMs (Fig. 1B and D). DCs were also generated using
a standard protocol and express the marker DC LAMP (Fig. 1B).
Following differentiation, the three populations of cells were in-
fected with a wild-type strain of MeV expressing GFP (MeV-GFP)
(6, 24). M2 MDMs were, on average, most permissive to MeV
infection (Fig. 2A). To examine if expression of the MeV receptor
(SLAMF1) correlates to infection, we measured the surface ex-
pression of SLAMF1 in the total cell population of M1 MDMs, M2
MDMs, and DCs. Within a population of myeloid cells, not all
cells expressed SLAMFI1, but >99% of all cells that expressed
SLAMF1 were infected by MeV. SLAMF1 expression per MeV ™"
cell was highest in M2 MDMs (Fig. 2B), suggesting that receptor

density at the cell surface may contribute to MeV infection effi-
ciency. In addition, the GFP intensity per MeV-infected cell was
elevated in M2 MDMs (Fig. 2C). This may reflect increased MeV
replication efficiency in this cell population.

M1 MDMs, M2 MDMs, and DCs deliver MeV to airway cells.
We next asked which myeloid cells were best at delivering MeV to
well-differentiated primary cultures of human airway epithelial
cells (HAE). We previously showed that MeV preferentially infects
HAE from the basolateral surface (4, 6-8). In our previous studies,
MeV-GFP was delivered as “free” virus, i.e., virus that was purified
from lysed producer cells and resuspended in serum-free me-
dium. In this study, we first infected M1 MDMs, M2 MDMs, or
DCs with free virus. Two days later, MeV-GFP-infected immune
cells were applied to the apical (Fig. 3A) or basolateral (Fig. 3B)
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FIG 3 MeV-GFP-infected immune cells cannot transfer virus to intact HAE. Schematic apical (A) and basolateral (B) delivery protocols in HAE are shown.
MeV-GFP-infected immune cells were delivered apically (C) or basolaterally (D) to the HAE for 4 h and then washed. Free MeV-GFP was delivered apically (E)
or basolaterally (F) to the HAE for 4 h and then washed. Following the delivery period, the cultures were incubated at 37°C for 3 days, fixed, and counterstained
with a nuclear DAPI stain (blue). Infectious centers (green) were formed only when free MeV was delivered basolaterally. HAE were grown on 0.4-pm-pore
support membranes. Scale bars = 50 pwm.
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FIG 4 MeV-infected MDMs and DCs transfer MeV to scratched HAE. Scratched HAE were imaged using scanning electron microscopy at low power (A) and
high power (B). Scale bars = 500 um and 20 wm, respectively. Scratching temporarily exposes the lateral surfaces of columnar cells (gray arrow), basal cells (white
arrow), and pores through the support filter (black arrow). Cell types in this model system have previously been characterized extensively based on morphological
characteristics (5). Approximately 10* MeV-infected M1 MDMs (C), M2 MDMs (D), and DCs (E) were applied for 4 h. Scale bars = 500 um. HAE cultures were
then washed twice, and 3 days postinfection, GFP" infectious centers were imaged and counted. Infectious centers formed exclusively along the scratch, as
indicated by dotted lines. (F) The number of infectious centers was determined by visual counting. n = 6.

surface of HAE cultures. We observed no transfer of MeV from
immune cells to HAE using this protocol (Fig. 3C and D). In
contrast, MeV free virus infection at the basolateral surface re-
sulted in the expected infectious center formation (Fig. 3E and F).
We hypothesized that access to the cellular receptor, nectin-4, was
prevented either by tight junctions from the apical surface or by
the support polyester membrane from the basolateral surface.
Thus, this result was our first indication that cell-to-cell contact
between infected myeloid cells and the basolateral surface of HAE
may be necessary for MeV transfer.

Scratching polarized epithelia is a technique used by our labo-
ratory and others to allow apically applied immune cells direct
access to the basolateral cellular receptors (17, 26). The HAE are
scratched by simply drawing a pipette tip across the cell surface
with a gentle pressure sufficient to strip away cell layers not
strongly adhered to the support membrane. Scanning electron
microscopy of freshly scratched HAE demonstrated that the baso-
lateral surface of columnar cells along the scratch is accessible (Fig.
4A and B). Approximately 10° MeV-GFP™ M1 MDMs, M2
MDMs, or DCs were applied to the apical surface of scratched
HAE. Three days later, HAE infectious centers were counted. For
all lung donors, infectious centers were restricted to the immedi-
ate region of the scratch (Fig. 4C to E). No statistical difference was
observed in the number of infectious centers conferred by M1
MDMs, M2 MDMs, or DCs (Fig. 4F). These data indicate that
each of these cell populations can deliver MeV to airway epithelial
cells. Scratching and wound repair have been described in detail
for this HAE model (26); however, for these experiments, scratch-
ing was intended only to allow basolateral access for myeloid cells,
not recapitulate a bona fide infection mechanism in vivo.

We previously reported that MeV spreads between columnar
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cells in HAE directly using points of cell-to-cell contact (7). In this
study, we used confocal microscopy to monitor GFP expression
transfer from infected MDMs to HAE. At 4 h after delivery of
infected M2 MDMs to scratched HAE, GFP* MDMs were visible
along the support membrane near the boundary of the scratch
(Fig. 5A). At 24 h postdelivery, a z-stack of confocal images (Fig.
5B) and a 3D reconstruction (Fig. 5C) reveal a GFP™ infectious
center abutting a GFP™ MDM. The yellow arrow indicates a faint
green infectious center, the white arrow indicates a bright green
MDM, and the red arrow indicates a point of contact (Fig. 5C). In
addition, labeling for MeV N protein confirms that replicating
virus was delivered and not just GFP (Fig. 5D and E). These data
indicate that when MeV is delivered to HAE through infected
MDMs, infectious centers are generated within 24 h. Equivalent
results were obtained when M1 MDMs or DCs were used to de-
liver the viruses (data not shown).

Myeloid-cell-mediated MeV infection of HAE is nectin-4 de-
pendent. Nectin-4 was identified as the epithelial receptor for
MeV particle-based infections (6, 8, 10). To assess whether MeV
transmission from myeloid cells to HAE requires nectin-4, we
took advantage of a viral mutant with the capacity to use SLAMF1
as a cellular receptor but not nectin-4. This “nectin-4-blind” MeV
infects immune cells with an efficiency equal to that of wild-type
MeV but does not infect epithelial cells (6). We first infected M2
MDMs with wild-type MeV-GFP or nectin-4-blind MeV-GFP.
Next, infected M2 MDMs were applied to the apical surface of
scratched HAE. At 1 h postdelivery, individual GFP* M2 MDMs
were visualized within the scratch of the epithelial sheet infected
with either wild-type or nectin-4-blind virus (Fig. 6A and B). At 3
days postdelivery, infectious centers were observed in the cultures
exposed to MDMs infected with wild-type MeV-GFP but not nec-
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FIG 5 Cell-to-cell contact mediates delivery of MeV from MDMs to HAE. Human M2 MDMs were infected with MeV at an MOI of 1 for 4 h. After 48 h, MDMs
were delivered to the apical surface of scratched HAE. After 4 h (A) or 24 h (B, C, D, and E), cultures were fixed and examined by confocal microscopy. (A) An
MeV-GFP-infected MDM (white arrow) was observed at the edge of the scratch. (B and C) An infectious center (yellow arrow) formed near an MeV-GFP-
infected MDM (white arrow). A cellular process from an infected MDM may contact an epithelial cell (red arrow). The three-dimensional reconstruction image
in panel C was assembled from 38 optical z-stacks with a step size of 1 um; in panel B every 4th z-stack is shown, from basolateral to apical. (D and E) MeV N
protein colocalizes with GFP in MeV-infected immune cells and in an infectious center. At 24 h, cells were fixed, permeabilized with 0.2% Triton X-100, and
incubated overnight with polyclonal antibodies against MeV N protein. N protein was visualized with a secondary antibody conjugated to Alexa Fluor 546 (red).
An xy en face view (D) and an xz vertical view (E) are shown. Cell nuclei were visualized using DAPI (blue). Scale bars = 50 pum in panels A, C, D, and E and 20
pm in panel B.

tin-4-blind MeV-GFP (Fig. 6C and D). These data indicate that (i)
by 3 days postdelivery, infected immune cells are undetectable and
(ii) the transfer of MeV from immune cells to HAE is nectin-4
dependent. Equivalent results were obtained when M1 MDMs or
DCs were used to deliver the viruses (data not shown). In a com-
plementary experiment, scratched HAE were preincubated with a
nectin-4 blocking antibody (Fig. 6E and F) or an isotype control
antibody (Fig. 6G and H). No infection was subsequently ob-
served with either free (Fig. 6E) or M2 MDM-delivered (Fig. 6F)
MeV. Again, equivalent results were obtained when M1 MDMs or
DCs were used to deliver the virus (data not shown).

3 days post
delivery

1 hr post
delivery

WT MeV

Nectin Blind
(Y543A)

Conditioned media from myeloid cells do not transfer infec-
tion to HAE. To further address the need for cell-to-cell contact to
transmit MeV from infected immune cells to HAE, we collected
conditioned media from infected immune cells. If MeV-infected
M1 MDMs, M2 MDMs, or DCs simply allow for viral replication
and release of free virus, then media collected from MeV-GFP-
infected cells should contain enough viral particles to infect HAE.
We observed that incubating scratched HAE with conditioned
media did not result in the formation of infectious centers in any
of the donors tested (Fig. 7A). However, when conditioned me-
dium was applied to Vero-hSLAM cells, free virus was detected

Nectin-4

IgG control
blocking antibody S

Free Virus

M2 MDM

FIG 6 Cell-to-cell transmission of MeV-GFP from MDMs to HAE is nectin-4 dependent. M2 MDMs were infected with either MeV-GFP or nectin-blind
MeV-GFP at an MOI of 1. Two days later, MDMs infected with wild-type MeV (A and C) or nectin-blind MeV (B and D) were applied to the apical surface of
scratched HAE in 50 pl of medium. After 2 h, HAE were washed with PBS. The PBS was removed and the cells were then allowed to incubate at an air-liquid
interface at 37°C and 5% CO, for 3 days. GFP expression was visualized by fluorescence microscopy at 1 h postdelivery (A and B) or 3 days postdelivery (C and
D). Nectin-4 blocking antibody (E and F) or isotype control antibody (G and H) was preincubated with scratched HAE. Four hours later, free MeV (E and G) or
MeV-infected M2 MDMs (F and H) were applied. Infectious centers were imaged 3 days later. The dotted line indicates the location of the scratch. Scale bar =
500 pwm.
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HAE
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FIG 7 Conditioned media from myeloid cells do not transfer infection to
HAE. Conditioned media collected from infected immune cells were applied
to the apical surface of scratched HAE (A) or Vero-hSLAM cells (B) as indi-
cated. GFP fluorescence was observed 3 days postinfection in Vero-hSLAM
cells but not in HAE. (C) Dilutions of free MeV were applied either to Vero-
hSLAM cells or to the basolateral surface of HAE for 4 h and then washed.
Following a 3-day infection at 37°C, GFP fluorescence was imaged. HAE were
grown on 0.4-pm-pore support membranes. Scale bars = 1 mm.

(Fig. 7B), albeit at extremely low titers (<10* PFU/ml for M1
MDMs, M2 MDMs, and DCs). This result was consistent with the
observation that Vero-hSLAM cells are 1,000- to 10,000-fold
more permissive to MeV infection than HAE (Fig. 7C). We con-
clude that levels of free virus released by M1 MDMs, M2 MDMs,
or DCs are not sufficient for appreciable infection of HAE.

Contact-dependent transmission of MeV infection. Finally,
we sought to assess whether infected myeloid cells applied to the
basolateral side of Transwell inserts can transfer infection. Cell-
Mask (red) and DAPI (blue) were used to label M2 MDMs. DAPI
also stains the exposed edges of the support membranes. When we
seeded labeled M2 MDMs on HAE cultures grown in polyester
Transwell inserts with a pore size of 0.4 pm, as in our previously
published studies (4, 6-8), no pseudopods were detected penetrat-
ing the polyester support membrane (Fig. 8A and B). However,
when M2 MDMs were seeded on membrane supports with
3.0-pm pores, pseudopodia were observed within the pores (Fig.
8C and D). We systematically observed 100 individual MDMs on
both large- and small-pore support membranes. No pseudopods
were observed extending through the 0.4-pm pore, whereas 46%
of the MDMs extended pseudopods through the 3.0-pm support
membranes. Thus, even in the absence of chemoattractants, M2
MDMs probe through 3.0-pwm support membranes.

We then assessed whether infected M2 MDMs transmit MeV
to HAE when cell-to-cell contact is permitted through large-pore
(3.0-pum) support membranes. GFP* M2 MDMs transmitted in-
fection when applied basolaterally to HAE grown on 3.0-m sup-
ports (Fig. 9A) but not to HAE grown on 0.4-pm supports
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FIG 8 MDMs can penetrate large—pore but not small-pore support mem-
branes. M2 MDMs were seeded onto small-pore (0.4-pwm) (A and B) or large-
pore (3.0-pm) (C and D) support membranes. Gray arrows indicate example
pores. After 24 h, cell membranes were stained with CellMask (red). Nuclei
were stained with DAPI (blue). Pseudopodial extensions were seen through
the large-pore support membranes only (white arrow). Scale bars = 50 pm.

(Fig. 9B). Consistent with our previous observations, GFP™ M2
MDMs transmitted infection when apically applied to scratched
HAE, regardless of the pore size of the support membrane (Fig. 9C
and D). Thus, while MeV released from MDMs would undoubt-
edly have the capacity to traverse 0.4-wm pores (27, 28), viral
transfer was observed only when physical contact was made pos-
sible using 3.0-pm supports.

Finally, we documented physical contact between MeV-in-
fected M2 MDMs and HAE infectious centers through a 3.0-pum
filter. At 4 h after delivery of MeV-GFP* M2 MDMs to the baso-
lateral surface of HAE, pseudopods were observed penetrating the
pores (Fig. 9, red arrows). At 24 h, a GFP* MDM was observed
beneath ~78% of infectious centers. An example is shown in Fig.
9F. The experiment was repeated on HAE from 3 human donors,
and no infectious centers were observed following MeV-GFP™*
M1 MDM, M2 MDM, or DC application to the basolateral surface
of 0.4-pm filters (Fig. 9G). Together, these data generated in a
primary cell culture model system strongly suggest that cell-to-cell
contact between immune and epithelial cells facilitates transmis-
sion of MeV.

DISCUSSION

Our results indicate that MeV spreads from myeloid cells to air-
way epithelial cells using nectin-4 and cell-to-cell contacts. In-
fected M1 MDMs, M2 MDMs, or DCs were incapable of transfer-
ring virus from the intact apical surface of well-differentiated HAE
or through the 0.4-pm support membrane. However, efficient
MeV transfer was observed when cell-to-cell contact was facili-
tated either by scratching the epithelia or by growing the epithelial
cells on 3.0-pwm filters. In both cases, confocal microscopy re-
vealed points of cell-to-cell contact between infected immune cells
and epithelial infectious centers.

Many viruses spread directly from cell to cell in their natural
hosts (29, 30), which has at least three advantages. The first is
speed: either partially or fully assembled particles can spread at
sites of cell-to-cell contact by exploiting proximity (30). The sec-
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FIG 9 MDMs deliver virus through large-pore but not small-pore support membranes. MeV-infected M2 MDMs were applied to the basolateral surface of HAE
grown on 3.0-pm-pore (A) or 0.4-pm-pore (B) support membranes. As controls, MeV-infected M2 MDMs were applied to the apical surface of scratched HAE
grown on 3.0-pm-pore (C) or 0.4-pm-pore (D) support membranes. Scale bars = 1.0 mm. Three days postinfection, GFP" infectious centers were imaged.
Cultures were fixed and examined by confocal microscopy (E and F). White arrows indicate an M2 MDM on the bottom surface of a support membrane, red
arrows indicate macrophage filopodia traversing the support membrane, and the yellow arrow indicates an infectious center. Scale bars = 50 pm. (G) GFP* M1
MDMs, M2 MDMs, or DCs were delivered to the basolateral surface of 3.0-pm-pore or 0.4-pm-pore support membranes. The infectious centers were counted

3 days postdelivery. n = 3 human donors.

ond isimmune evasion: limited exposure to the extracellular space
can allow escape from neutralizing antibodies. The third is that
epithelial barriers can be bypassed. Our analyses of MeV spread
from immune to epithelial cells suggest that MeV remains cell
associated not only during both the immune and the epithelial
infection phases but also when infections are transferred between
cell types.

Consistent with free MeV infection of HAE (7, 8), MeV spread
from myeloid cells to HAE is nectin-4 dependent. Remarkably,
several viruses use nectins or other proteins of the apical junction
complex as receptors for entry in polarized epithelial cells (31)
even if most of these proteins are not readily accessible. MeV and
the other negative-strand RNA viruses of the genus Morbillivirus
use nectin-4 (8-11, 32, 33), large DNA viruses like herpes simplex
viruses 1 and 2 use nectin-1 and -2 (34-36), and the small positive-
strand RNA virus poliovirus uses the poliovirus receptor PVR
(37), also known as nectin-like protein 5. Moreover, other viruses
use tight junction proteins, including occludins, claudins, and
junctional adhesion molecules, as receptors (31). Exploiting ad-
herens junction proteins is an effective way to overcome barriers
within an organism in order to spread the infection.

A goal of this study was to identify the myeloid cells that pro-
ductively deliver MeV to the basolateral surface of airway epithe-
lial cells. We observed that all three cell types tested are permissive
to MeV infection and can transfer it, but M2 MDMs are more
permissive than M1 MDMs or DCs. This suggests that an anti-
inflammatory population of macrophages may function as a pri-
mary vehicle for delivery. A recent study reported that MeV can
spread from a human B-lymphoblastic (B-LCL) cell line to an
immortalized human bronchial epithelium (HBE) cell line (17).
Our results do not rule out the possibility that multiple myeloid-
cell or lymphoid-cell-derived cell types are vehicles for MeV. In-
deed, multiple cell types may contribute to systemic dissemina-
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tion. Similarly, memory B cells have been shown to transfer
Epstein-Barr virus to the basolateral surface of polarized epithelial
cells (38).

In our study, infection levels of myeloid cells correlated with
SLAMF]1 protein surface expression. This may reflect increased
infection efficiency or increased replication efficiency driven by
the different proinflammatory and anti-inflammatory pheno-
types of M1 MDMs and M2 MDMs, respectively (25, 39). The
culture conditions that drive monocytes to differentiate and po-
larize into M1 MDMs include the cytokines IL-4 and IL-13, which
may influence MeV replication. Furthermore, M1 MDMs pro-
duce proinflammatory cytokines (25, 40) and are inducible to
produce antiviral factors, including interferon-regulating factors
(41).

Our studies suggest that in natural hosts, infected myeloid cells
deliver viral genomes directly to epithelial cells. Based on our re-
sults, we cannot discern if fully assembled viral particles that re-
main cell associated or only viral ribonucleocapsids are passed
from cell to cell. We note that intercellular pores similar to those
that form between columnar epithelial cells (7) would allow the
transmission of many ribonucleocapsids. Transfer of large virus
genome populations could enhance their fitness, promoting rapid
readaptation to epithelia after extensive replication in immune
cells. Future studies will assess whether this mechanism of virus
transmission is based on the transfer of multiple genomes. Re-
gardless, based on our in vitro model system, particle-indepen-
dent, cell-based transmission appears to be an essential compo-
nent of an evolutionary strategy that results in the extremely
contagious nature of MeV.

Finally, in addition to creating new knowledge about MeV
pathogenesis, our analyses may be relevant for cancer therapy.
MeV is currently in clinical trials of oncolysis against five different
cancer types (42, 43), and the gene for its receptor, nectin-4, is a
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marker gene for lung, breast, and ovarian cancer (44—46). Consis-
tently cell-associated MeV spread may favor oncolysis for the
same reasons it favors viral spread: it is fast, it is shielded from
neutralizing antibodies, and it bypasses epithelial barriers.
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