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Measles virus (MeV) is highly infectious by the respiratory route
and remains an important cause of childhood mortality. However,
the process by which MeV infection is efficiently established in the
respiratory tract is controversial with suggestions that respiratory
epithelial cells are not susceptible to infection from the apical
mucosal surface. Therefore, it has been hypothesized that infec-
tion is initiated in lung macrophages or dendritic cells and that
epithelial infection is subsequently established through the baso-
lateral surface by infected lymphocytes. To better understand the
process of respiratory tract initiation of MeV infection, primary
differentiated respiratory epithelial cell cultures were established
from rhesus macaque tracheal and nasal tissues. Infection of these
cultures with MeV from the apical surface was more efficient than
from the basolateral surface with shedding of viable MeV-
producing multinucleated giant cell (MGC) syncytia from the sur-
face. Despite presence of MGCs and infectious virus in supernatant
fluids after apical infection, infected cells were not detected in the
adherent epithelial sheet and transepithelial electrical resistance
was maintained. After infection from the basolateral surface, ep-
ithelial damage and large clusters of MeV-positive cells were ob-
served. Treatment with fusion inhibitory peptides showed that
MeV production after apical infection was not dependent on in-
fection of the basolateral surface. These results are consistent with
the hypothesis that MeV infection is initiated by apical infection of
respiratory epithelial cells with subsequent infection of lymphoid
tissue and systemic spread.
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M easles virus (MeV) is a highly contagious enveloped,
nonsegmented negative-strand RNA virus that is trans-
mitted by the respiratory route to cause a systemic rash disease
that includes pulmonary infection in both humans and nonhu-
man primates. Despite availability of an effective live attenuated
MeV vaccine (LAMYV), the worldwide incidence of measles cases
and deaths has recently tripled (1, 2). Because of the efficient
respiratory spread of the virus, a major hurdle for control of
measles is the requirement for high vaccine-induced population
immunity (92 to 95%) to interrupt transmission (3, 4).
Although the respiratory tract is the site of wild-type (WT)
MeV initiation of infection and aerosol delivery of LAMV in-
duces protective immunity (5), the biology of how MeV so effi-
ciently initiates infection after aerosol or respiratory droplet
exposure is controversial. Two fundamentally different models of
MeV pathogenesis have been proposed: 1) Initial replication of
MeV occurs in respiratory epithelial cells through apical infec-
tion with subsequent systemic spread to other cells and tissues; 2)
Initial replication of MeV occurs in myeloid cells of the respi-
ratory tract (alveolar macrophages/dendritic cells) with spread to
other tissues and subsequent delivery by infected lymphocytes to
the basolateral surface of respiratory epithelial cells for pulmo-
nary infection and virus transmission (6, 7). The first model is
supported by the presence of giant cells in broncho-alveolar la-
vage fluid from measles patients and identification of epithelial
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cell infection by histology or immunohistochemistry in the airway
and lung during measles in humans and macaques (8-10). In
addition, LAMV can efficiently establish pulmonary infection
without producing a viremia (11), suggesting that prior infection
of lymphocytes is not necessary for respiratory epithelial cell
infection. The alternative model is suggested by the observation
that, after pulmonary infection of macaques with recombinant
MeV-expressing eGFP, the predominant eGFP™ cells in the
respiratory epithelium were CD150™ cells and dendritic cells, not
epithelial cells (12, 13). That epithelial cells are not the site of
initial infection is further supported by the apparent resistance of
polarized epithelial cells derived from airway tissue to infection
with WT MeV via the apical surface (14, 15). Questions remain
for both models.

Entry of MeV into susceptible cells is determined mainly by
interaction of the hemagglutinin (H) and fusion (F) virion sur-
face glycoproteins with receptor molecules on the host cell. The
three identified cellular receptors for MeV are CD46 expressed
ubiquitously in all nucleated cells (16, 17), CD150 (signaling
lymphocyte activation molecule/SLAM) expressed on activated
immune cells (18), and nectin-4 expressed by epithelial cells (19,
20). WT MeV can use CD150 and nectin-4 as receptors while
LAMYVs can utilize all three receptors. Nevertheless, in vitro and
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in vivo spread of LAMYV is more restricted than that of WT
MeV (21).

The identification of nectin-4 as a functional receptor for MeV
on epithelial cells (19, 20) has shed light on the pathogenesis of
MeV in the respiratory tract. As an adherens junction protein,
nectin-4 is located at the basolateral surfaces of epithelial cells
and thus can be used by MeV to spread back into the airways
after replicating systemically (22). The importance of nectin-4 in
MeV transmission is highlighted by infection of macaques with a
recombinant virus unable to recognize nectin-4. This nectin-4-
blind virus is defective in shedding virus into the airways, al-
though most other aspects of the infection are indistinguishable
from infection caused by WT MeV (7). The observed compe-
tency of the nectin-4-blind MeV to enter and establish infection
in macaques has been viewed as supporting evidence for the
alternative model of MeV pathogenesis in the respiratory tract
(20, 23-25). However, the mode of MeV entry into epithelial
cells in vivo remains in question and the fact that nectin-4 is
located on the basolateral surface of epithelial cells could also
indicate that MeV enters respiratory epithelial cells from the
apical surface in a nectin-4-independent manner. In particular,
other modes of entry, such as endocytosis and macropinocytosis
used by several paramyxoviruses, may be important for MeV
entry into primary cells (26-28).

To better understand MeV infection of the respiratory tract,
we have developed and characterized a primary differentiated
respiratory epithelial cell culture system using tracheal and nasal
epithelial cells derived from rhesus macaques (rmTEC and
rmNEC), a highly relevant animal model for measles (29, 30),
and compared the outcome of apical and basolateral exposure of
these cells to WT MeV and LAMV. Infection occurred through

both the apical surface and the basolateral surface. Apical in-
fection was efficient and induced rapid shedding of viable MeV-
infected multinucleated giant cells (MGCs) from the epithelial
surface into the lumen while maintaining epithelial barrier in-
tegrity. Basal infection was less efficient with infected cells
retained in the epithelial monolayer and with barrier disruption,
as well as with shedding of MGCs from the apical surface.

Results

Development and Characterization of the rmTEC and rmNEC Cultures.
To investigate the interaction of MeV with respiratory epithelial
cells, we established primary differentiated airway epithelial cell
cultures using cells derived from rhesus macaques. Methods for
the growth and differentiation of these cultures were optimized
for macaque cells from protocols designed for other species
(31-33). In brief, epithelial cells were isolated at necropsy from
the tracheas, main bronchi, and nasopharynxes of healthy ma-
caques by digestion of tracheal, bronchial, and nasopharyngeal
mucosal tissues with pronase. After fibroblast depletion, epi-
thelial cells were expanded in growth-factor-supplemented me-
dia, frozen, and stored in liquid nitrogen. Before use, cells were
thawed, expanded a second time, and plated in transwells for
growth at a liquid-liquid interface. Formation of tight junctions
was monitored by transepithelial electrical resistance (TEER),
and, after formation (TEER of 1,000 Q-cm?), the prediffer-
entiated cells were switched to an air-liquid interface (ALI) and
low-nutrient media for differentiation (>14 d). Differentiated
rmTEC cultures developed a pseudostratified epithelium con-
taining ciliated, nonciliated, goblet, and basal cells with beating
cilia and mucus production.
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Fig. 1. Apical MeV production after apical and basolateral infection of rmTEC and rmNEC cultures with WT MeV. Cultures were infected apically and

basolaterally for 4 h with WT MeV (MOI 4.5) and washed with PBS, and media was replaced. Apical and basal supernatant fluids were collected every 24 h, and
TCIDso was determined by culturing serially diluted culture fluids for 5 d on Vero/hSLAM cells. Virus was present only in apical fluids. (A) Apical production of
infectious virus by fully differentiated rmTEC from four individual donors (60-62, 69). (B) Averaged amounts of infectious virus produced by fully differ-
entiated rmNEC cultures from one donor in four experiments. (C) Production of infectious virus by predifferentiated rmTEC cultures from four individual
donors. (D) Comparison of amounts of virus produced by predifferentiated (pd) and fully differentiated TEC cultures averaged from the same four donors at
48, 96, and 144 h after apical infection. Two-tailed Student’s t tests were used for analysis. Statistical significance was determined as *P < 0.05.
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rmTEC and rmNEC Cultures Were Permissive for WT MeV and LAMV
Infection. To determine whether WT MeV can replicate in pri-
mary respiratory epithelial cell cultures, we infected (multiplicity
of infection [MOI] = 4.5) fully differentiated rmTEC cells from
four different donor macaques through either the apical or
basolateral surface (Fig. 14). After infection, fluids from the
apical and basal surfaces were collected every 24 h, and infec-
tious MeV in the fluids was assayed on Vero-hSLAM cells. In-
fectious MeV was present only in the apical compartment after
both apical and basolateral infection with substantial variability
in virus production between donors following basolateral infec-
tion (Fig. 14). Similar infections with WT MeV were carried out
using rmNEC cultures and also showed virus production after
both apical and basolateral infection (Fig. 1B) although it is not
known whether growth would have been enhanced at lower
temperatures present in the upper respiratory tract. In both
culture systems, MeV replicated more rapidly following apical
infection than basolateral infection (Fig. 1 A and B). Therefore,
WT MeV can infect fully differentiated rmTEC and rmNEC
cultures through either the apical or basolateral surfaces but
virus is released only from the apical surface.

To compare the susceptibility to infection of rmTEC cultures
before and after differentiation, cultures of cells prior to ALI
differentiation (predifferentiated cells) were also infected both
apically and basolaterally (Fig. 1C). Virus production was
greatest after apical infection, and predifferentiated cells pro-
duced virus more rapidly than fully differentiated cells (Fig. 1D),
indicating that differentiation was not required for susceptibility
to MeV infection.

To determine whether LAMV can replicate in macaque re-
spiratory epithelial cell cultures, we infected fully differentiated
rmTEC cells from three different donors (Fig. 24) and rmNEC
cells from one donor (Fig. 2B) with LAMV (MOI = 4.5) through
either the apical or basolateral surface. Infectious MeV, assayed
on Vero cells, was present in the apical compartment, but not in
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the basolateral compartment after both apical and basal infec-
tion. The peak titer (~10* TCIDsy/mL) was similar between the
two modes of infection in the LAMV-infected cultures (Fig. 24).
In general, LAMYV replicated better than WT MeV in rmTEC
cells after apical infection with less difference apparent for
rmNEC cells (Fig. 2C and SI Appendix, Fig. S1).

Direction of MeV Entry Resulted in Distinct Cytopathic Effects. Cy-
topathic effects in rmTEC cultures infected apically and baso-
laterally with WT MeV and LAMV were characterized using
phase-contrast microscopy, measurement of TEER, and immu-
nofluorescent staining of the monolayer (Fig. 3). The detection
of infectious virus in the apical compartment was common after
MeV infection through either apical or basolateral surfaces
(Figs. 1 and 2), but the phenotypes of the infected cells in the
adherent epithelial sheet were distinct. Phase-contrast micros-
copy showed large syncytia in basolaterally, but not apically, in-
fected cells (Fig. 34). TEER was maintained after apical
infection, but not after basolateral infection, indicating cellular
damage and failure to maintain the integrity of tight junctions
after basolateral infection (Fig. 3B). Direct immunofluorescent
staining of the adherent monolayer for MeV N protein and
B-tubulin showed abundant, large clusters of infected cells after
basolateral MeV infection, but not after apical infection with
either WT MeV or LAMYV (Fig. 3C). Staining of MeV N protein
and Zo-1, a tight-junction-associated protein, also revealed dis-
ruption of tight junctions after basolateral infection, but not after
apical infection (Fig. 3D).

MGC Shedding Is Characteristic of MeV Infection in rmTEC Cultures.
Although not present in the adherent monolayer after apical
infection (Fig. 3), syncytial MGCs were present in the apical
supernatant fluids (Fig. 44). Multiple nuclei and high levels of
viral protein were present in these giant cells consistent with
MeV-induced fusion of neighboring cells to form syncytia
(Fig. 44). MGCs were shed into the apical supernatant fluid
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Fig. 2. Apical MeV production after apical and basolateral infection of rmTEC and rmNEC cultures with LAMV and WT MeV. Cultures were infected apically
and basolaterally for 4 h with LAMV (MOI 4.5) and washed with PBS, and media was replaced. Apical and basal supernatant fluids were collected every 24 h,
and TCIDso was determined by culturing serially diluted culture fluids for 5 d on Vero (LAMV) or Vero/hSLAM (WT MeV) cells. Virus was present only in apical
fluids. (A) Production of infectious virus by fully differentiated rmTEC from three individual donors (macaques 69, 292, 296). (B) Averaged amounts of in-
fectious virus produced by fully differentiated rmNEC cultures from one donor in four experiments. (C) Comparison of the averaged amounts of virus
produced by rmTEC and rmNEC after apical infection with WT MeV (Bil) and LAMV (Ed). Two-way ANOVAs were used for analysis. Statistical significance was
indicated as *P < 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001. Averaged amounts of virus produced by rmTEC and rmNEC after basolateral infection with WT

MeV and LAMV are shown in S/ Appendix, Fig. S1.

Lin et al.

Primary differentiated respiratory epithelial cells respond to apical measles virus infection

by shedding multinucleated giant cells

PNAS | 3of 10
https://doi.org/10.1073/pnas.2013264118

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013264118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013264118/-/DCSupplemental
https://doi.org/10.1073/pnas.2013264118

A Mock

LAMV
Basolateral

WT MeV

MeV-N B-tubulin

- - - -

WT MeV
MeV-N

Apical

Basal

Merged DAPI

Apical - - - -
infection
50 ym

Basal ----

Merged DAPI

infection

100 00 pm 100 pr 00 pm|
infection E

100 um 3 100 pm

T T T T T
72 96 120 144 168 192
Hours Post Infection

0 T T
0 24 48

LAMV

B-tubulin Merged

LAMV

MeV-N Merged DAPI

Fig. 3. Cytopathic effects and detection of viral protein in MeV-infected rmTEC cultures. rmTEC cultures were infected from either apical or basolateral

surfaces for 4 h with LAMV or WT MeV (MOI

=4.5), washed with PBS and media replaced. (A) Phase-contrast microphotographs taken at 144 h after infection

with LAMV showed large syncytia in the adherent cells after basolateral infection. (B) TEER monitored in rmTEC cultures that were mock-infected or infected
apically or basolaterally with LAMV. (C) rmTEC cultures infected with WT MeV or LAMV were stained for MeV-N (green), f-tubulin (magenta), and DAPI 72 h
after infection. Photomicrographs were taken at 10x (Upper) and 40x (Lower). Abundant, large syncytia were observed after basolateral MeV infection, but
not following apical infection. (D) rmTEC cultures infected with WT MeV or LAMV were stained for MeV-N (green), Zo-1 (magenta), and DAPI. Photomi-

crographs were taken at 20x.

continuously for at least 6 d following apical infection with both
strains of virus (Fig. 4B). MGC shedding into the apical supernatant
fluids appears to be a common pathology after MeV infection in
rmTEC cultures that occurs after apical infection as well as baso-
lateral infection (S Appendix, Fig. S2, and Movie S3).

To monitor the time course of shedding of MeV-infected cells
from the apical surface, we determined the percentage of shed
cells that were infected with MeV using flow cytometry and in-
tracellular staining for MeV N protein (Fig. 5). Similar to the
growth kinetics measured by the TCIDs, assay (Figs. 1 and 2),
the numbers of shed MeV-infected cells increased over time and
reached a peak faster following apical infection than basolateral
infection (Fig. 5 4 and B). To determine whether MGCs were
the source of infectious MeV, we separated cells from the apical
supernatant fluid by centrifugation. High titers of infectious
MeV were detected in the MGCs (Fig. 5C), suggesting an active
role for MGCs in MeV replication in the respiratory tract. Virus
was also cultured from the fluid indicating release of infectious
virus from the infected MGCs (Fig. 5C).

MGCs Were Viable and Had a Complex Subcellular Structure. Because
shedding of MGCs producing infectious virus from the adherent
epithelium was characteristic of MeV infection in rmTEC cul-
tures, we further analyzed the viability and morphology of these
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cells (Fig. 6). Trypan blue staining (Fig. 64) indicated that 60%
of the cells shed into the apical supernatant fluid between 24 and
48 h after apical MeV infection were viable compared to the
20% viability of shed cells in mock-infected cultures (Fig. 6B).
The metabolic activity of the shed cells was further analyzed with
a colorless tetrazolium dye, XTT. While a majority of the shed
cells from mock-infected culture remained colorless, many
MGCs were able to reduce the XTT dye to brightly orange
formazan, an indicator of active mitochondrial function
(Fig. 6C). The viability of the MGCs is also evident in fused cell
clusters containing actively beating cilia. Live tumbling cell
clusters with beating cilia were seen in shed cells from MeV-
infected cultures but not mock-infected cultures (Fig. 6D and
Movies S1 and S2).

As MGCs appeared to play an important role in MeV infec-
tion of rmTEC cultures, we further examined the morphology of
shed MGCs with transmission electron microscopy (Fig. 7).
MGC:s were large and possessed distinct structural features: the
formation of blebs (Fig. 7 A and B) and abundant cytoplasmic
vacuoles (Fig. 7 C and D). The blebs showed the same electron
density as the cytoplasm, and some had a direct connection with
the cell cytoplasm. The sizes of these blebs were highly variable,
and many of them approximated the size of a cell (10 pm). The
sizes of the cytoplasmic vacuoles were also highly variable, but
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Fig. 4. MeV-infected cells shed into the apical compartment were detected
by microscopy. TEC cultures were infected with WT MeV or LAMV for 4 h and
washed with PBS, and media was added. Apical supernatant fluids were
collected every 24 h after infection. (A) Cells shed to the apical supernatant
fluid after apical infection with Bil-MeV, and LAMV were examined with
phase-contrast microscopy or stained with antibody against MeV N after
fixation and permeabilization. (Scale bar: 150 pm.) Microscopic examination
of shed MGCs after basolateral infection is shown in S/ Appendix, Fig. S2.
MGCs were seen only after MeV infection but not found in mock-infected
cultures. (B) Changes in numbers of shed cells found in rmTEC cultures from
48 to 144 h after apical infection with WT MeV (Bil) and LAMV (EZ). Shed
cells were placed on slides by cytospin. Numbers of cells were quantified by
counting DAPI-positive nuclei using a confocal microscope. Two-way ANOVA
with Tukey’s multiple comparison test comparing mock to infected at each
time. **P < 0.05, ***P < 0.001.
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most had a diameter >500 nm. Many of the vacuoles were close
to the cell membrane, and some were protruding or being re-
leased from the cells and resembled microvesicles, a type of re-
leasing membrane vesicle.

Two Modes of MeV Transmission in the rmTEC Cultures. The data
obtained from immunohistochemical staining and analysis of
TEER (Fig. 3) suggested that different subsets of respiratory
epithelial cells were infected by MeV following infection through
the apical or basolateral surface. Following apical infection, the
infected cells were rapidly shed, releasing MGCs into the apical
compartment. Following basolateral infection, some infected
cells were shed into the apical compartment, and others were
resistant to shedding and formed large foci in the infected epi-
thelial sheets. To determine whether MeV infection via different
surfaces results in different modes of transmission within the
rmTEC cultures, we interfered with the spread of MeV in cul-
tures that were infected either apically or basolaterally using a
fusion-inhibitory peptide (FIP) that efficiently blocks cell-to-cell
fusion and spread of MeV (34) (Fig. 8). A reduction of MeV
production was predicted to occur when MeV cell-to-cell spread
was occurring in the compartment with FIP added. Addition of
FIP to either apical or basolateral media after basolateral MeV
infection reduced MeV replication (Fig. 8B). This indicated that
both apical and basolateral spread was necessary for maintaining
MeV infection following basolateral infection. However, fol-
lowing apical infection, reduction of MeV production occurred
only when FIP was added to the apical media (Fig. 84), indi-
cating that the shed MGCs maintained production of MeV after
apical infection independent of infection in the adherent
epithelial cells.

Discussion

Using primary differentiated respiratory epithelial cell cultures
from rhesus macaques, we show that both WT MeV and LAMV
are able to infect these cells through the apical as well as the
basolateral surface. Apically infected cells responded to MeV
infection with syncytia formation and apical shedding of viable
MGC:s that exhibited blebs, cytoplasmic vacuoles, and micro-
vesicles and were actively producing virus. Basolaterally infected
cultures retained clusters of infected cells and also transmitted
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infection to cells for apical release (Fig. 9). After apical infec-
tion, MeV production was maintained in the rmTEC cultures
through continued shedding of infected syncytial cells without
detectable damage to the adherent epithelial sheet and mainte-
nance of barrier function (Fig. 3). It is likely that apical infection
was not recognized in previous studies using eGFP-expressing
MeV because the infected cells are not retained in the epithe-
lial sheet (Fig. 9). Therefore, respiratory epithelial cells were
highly susceptible to apical infection and are likely target cells for
initiation of infection through aerosol transmission of WT MeV,
leading to systemic virus replication and spread as well as
transmission of MeV infection to new susceptible hosts.

The receptor used by MeV to enter tracheal epithelial cells
from the apical surface is unknown. The ability of WT MeV to
infect respiratory epithelial cells in a CD150-independent man-
ner was first observed in relevant cell lines (35, 36) and then in
primary differentiated human airway cell cultures (7, 15), leading
to the identification of nectin-4 as a receptor. Apical infection
was equally efficient with WT MeV and LAMV (Figs. 1 and 2),
consistent with the primary restriction for LAMV replication in
lymphocytes rather than other primary cells (21). Neither
CD150/SLAM nor nectin-4 is present on the apical surface of
epithelial cells. Other modes of entry, such as endocytosis and
macropinocytosis used by several paramyxoviruses, may be im-
portant for MeV entry into primary cells (26-28), and mor-
phology of the infected cells with large membranous blebs and
cytoplasmic vacuoles suggests macropinocytosis (37). Induction
of macropinocytosis involves activation of actin filaments and
plasma membrane ruffling that facilitates uptake of fluid and
large particles and is used by several viruses for entry into epi-
thelial cells (37-39) and facilitates nectin-4-dependent entry of
MeV into colon and breast cancer cells (40).

Differentiated airway epithelial cells are susceptible to apical
infection with most human respiratory viruses that have been
studied, but display a variety of responses to infection (41, 42).
Influenza A virus induces apoptosis in ciliated epithelial cells
with extrusion of the apoptotic cells and maintenance of TEER
and barrier function (43). Respiratory syncytial virus (RSV) and
parainfluenza virus type 5 (PIVS) infect ciliated epithelial cells
with extrusion of viable infected cells from the epithelium with
rare formation of syncytia (42, 44-47). PIV3 also infects ciliated
cells, but spreads within the intact epithelium without sloughing
of infected cells (45, 48). In the current study, MeV infection of
epithelial cells induced syncytia formation and shedding of viable
MGCs from the epithelial surface while maintaining barrier
function. Infection of lung organoids has also shown differential
effects of respiratory virus infections. All viruses studied repli-
cated in the organized cultures, but no morphologic changes
were observed after PIV3 infection, while detachment and
shedding of infected cells occurred after RSV infection and
syncytia formed in response to MeV infection (45).

Thus, some viruses trigger extrusion of infected epithelial cells
while others do not. Extrusion is a normal maintenance process
by which epithelia simultaneously eliminate unnecessary cells
and repair the gap in the epithelial sheet (49, 50). For dying cells,
extrusion is induced by production of sphingosine 1 phosphate
that triggers neighboring cells to activate actomyosin ring con-
traction to squeeze the cell out apically while bringing neigh-
boring cells together to fill in the gap (51). Live cells in crowded
epithelium are extruded through a similar process initiated by
stretch-activated ion channels (52). For RSV-infected cells, ex-
trusion is initiated during cell rounding induced by expression of
the NS2 protein (47, 50). For MeV infection, it is not clear
whether MGCs are induced to leave the epithelial sheet through
extrusion or exfoliation, a process of accelerated turnover and
shedding of superficial epithelial cells in mucosa of stratified and
squamous epithelium.
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Fig. 5.

MeV-infected cells shed into the apical compartment detected by flow cytometry. TEC cultures were infected with WT MeV or LAMV for 4 h and

washed with PBS. (A) Percentage of shed cells that were LAMV-infected determined by intracellular staining for MeV-N and flow cytometry using gates
generated based on mock-infected cultures at 24, 72, and 120 h. (B) Percentages of shed cells infected with LAMV or WT MeV after apical (blue) or basolateral
(orange) infection. Graph presents results from two independent experiments with duplicates or triplicates for each experiment. (C) Amounts of infectious
virus produced by cells and supernatant fluids of the apical compartment after apical and basolateral infection with LAMV. Cells and supernatant fluids
before and after separation by centrifugation were assayed with a TCIDso assay. Both cell-associated virus and cell-free virus were found in the apical

compartment.

Exfoliation is suggested by the extensive shedding of cells in-
duced by the interaction between MeV and the apical surface of
the epithelium. Exfoliation serves as a mechanism for defending
mucosal surfaces of epithelial tissues against invasion and colo-
nization by microbes, particularly bacteria (53-56), and is trig-
gered by signaling pathways that disrupt cell-cell and cell-matrix
adhesion (57). This process often leads to caspase activation and
apoptosis (termed “anoikis”) (53, 55, 58), but exfoliated cells can
remain viable (59) if they undergo a protective autophagic pro-
cess in response to disassembly of focal adhesions and loss of
matrix contact (60, 61). Further investigation is required to de-
termine the mechanism by which viable MeV-infected MGCs are
induced to leave the respiratory epithelium.

As a respiratory-transmitted systemic virus, MeV has to gain
contact with CD150* lymphocytes or macrophages to access the
local draining lymphoid tissue, spread systemically, and establish
infection in multiple tissues (24). Although it is clear that MeV
infection is initiated in the respiratory tract, it is not clear how
MeV is able to cross the epithelial barrier of tightly connected
pseudostratified columnar epithelial cells or the target cells for
initiating infection. In contrast to the reported difficulty of

60of 10 | PNAS
https:/doi.org/10.1073/pnas.2013264118

infecting polarized epithelial cells with WT MeV via the apical
surface (7, 15), we could consistently infect rmTEC cultures with
WT MeV apically and postulate that alveolar macrophages or
dendritic cells take up shed cells for transmission to the local
draining lymph node (62, 63).

To understand the factors that might lead to differences in the
results of our studies and those of other investigators studying
the interaction of MeV with respiratory epithelial cell cultures,
we compared our experimental protocol with other publications
(7, 15, 35, 36). At least two differences, in addition to potential
differences between differentiated cultures from humans and
macaques, could influence the results. One is the readout for the
MeV infection of epithelial cell cultures. Because recombinant
MeV expressing eGFP is a handy tool for detecting infection
without requiring cumbersome assays for infectious virus, it has
been widely used for in vivo and in vitro experiments. Most
studies that used MeV-eGFP for infection determined the in-
fectivity of the virus in respiratory epithelial cell cultures by
assessing the presence of green fluorescence in the adherent
epithelial sheets (7, 15). However, our study has shown that in-
fection via apical surfaces can maintain infection by rapid
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Fig. 6. Viability of the shed MGCs. (A) The viability of shed cells after apical and basolateral infection with LAMV was examined with trypan blue staining and
light microscopy. Trypan-blue-positive dead cells are marked with arrows. (B) Percentages of shed cells in the apical supernatant fluid that were viable 48 h
after apical or basolateral MeV or mock infection as determined by trypan blue exclusion. Graph presents results from two experiments with six replicates for
each experiment. (C) The metabolic activity of shed cells after infection with WT MeV or LAMV was examined with a tetrazolium dye, XTT, and light mi-
croscopy. Representative images of metabolically active MGCs (orange) and dead single or multinucleated giant cells (pale or no color) from two experiments.
(Scale bar: 150 um.) (D) Image of shed cells from mock-infected culture and time-lapse photography over 1 min of a live tumbling MGC with beating cilia in

apical supernatant fluid from a culture infected with LAMV. Corresponding time-lapse movies are in Movies S1, S2, and S3.

shedding of MGCs without causing cytopathic effects or residual
infection in the adherent epithelial sheets. Therefore, a readout
that focuses on the adherent epithelial sheet will miss virus that
has been released or is only in the infected cells that have been
shed from the apical surface. The second experimental differ-
ence is addition of medium to the apical surface after virus in-
cubation and removal of the viral inoculum. Although cells were
differentiated in ALI for 2 to 3 wk prior to MeV infection, we
replaced media on the apical surfaces after washing off the MeV
inoculum and replenished the apical media after collection of
samples for recovery of infectious progeny virus released from
the apical surface. MGCs contributed most of the infectious virus
that was recovered from the apical supernatant, and MGC via-
bility is dependent on the environment. A dry cell-free envi-
ronment significantly decreases the life span of MGCs (64), so
restoring apical media may have improved our detection of
progeny MeV.

MGC:s are the result of cell-cell fusion mediated by the in-
teraction of viral envelope proteins H and F on the infected cell
surface with cellular receptors in the plasma membranes of ad-
jacent cells, and are a signature of MeV infection. Historically,
identifying MGCs in broncho-alveolar lavage from patients was a
way to diagnose measles (8, 9). In vivo, MGCs are found in the
respiratory and genitourinary tract in rhesus macaques 7 d after
MeV infection (10). In vitro, MeV infection of primary human
small airway epithelial cells and dendritic cells induces the
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formation of syncytia (36, 65). In contrast, previous analysis of
differentiated airway epithelial cells infected basolaterally with
MeV shows efficient cell-to-cell transfer of ribonucleoprotein
complexes in forming clusters of infected cells retained in the
epithelial sheet (66, 67). The continuous production of MGCs
following infection via the apical surface likely results from the
rapid shedding of adherent cells as they become infected. The
role of MGCs in supporting virus replication and regulating cell
functions through formation of blebs and microvesicles has
probably been underestimated (68-70). Further studies are
warranted to clarify the contributions of MGC formation in the
initiation of MeV infection in the respiratory tract.

Our work demonstrates that infection of respiratory epithelial
cells is likely an important early step for the initiation and sys-
temic spread of MeV. Furthermore, shedding of infected cells
into the lumen of the respiratory tract may facilitate transmission
of infection by respiratory secretions prior to the onset of
symptoms (71). Our data are compatible with the demonstrated
function of nectin-4 as a receptor for the virus to exit into the
airway for transmission, as we show that MeV can infect rmTEC
via the basolateral surface with apical release. Although it has
been reported that most of the MeV-infected cells in the lungs of
infected macaques are CD1507 cells and not epithelial cells (12,
13), the tendency of MGCs to be shed from the epithelium could
explain the rarity of detecting these cells in the respiratory
epithelium. Moreover, because it is technically difficult to
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Fig. 7. Morphological characterization of MGCs at a subcellular level. Shed
cells pooled from multiple wells were fixed with paraformaldehyde and
analyzed by transmission electron microscopy. Two distinct structural fea-
tures were found: (A and B) blebs (thick arrows) and (C and D) cytoplasmic
vacuoles. Vacuoles in close proximity to the cell membrane were similar to
releasing microvesicles (thinner arrows).

distinguish macrophage infection due to direct virus entry from
phagocytosis of other infected cells, infection of CD150" cells in
the lung may be secondary to phagocytosis of shed MGCs. As we
have never observed spreading of MeV in the adherent epithelial
sheets after apical infection, we think it is unlikely that the virus
crosses or penetrates the epithelium to reach CD150" cells
in vivo. However, it is very possible that MGCs from MeV-
infected epithelial cells shed into the luminal side of the airway
lead to infection of alveolar macrophages that traffic to local
lymphoid tissue.
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Materials and Methods

Cell Lines and Viruses. The Bilthoven strain (Bil) of WT MeV (genotype C2; a
gift from Albert Osterhaus, Erasmas University, Rotterdam, Netherlands) was
grown and assayed by plaque formation in Vero-hSLAM cells (72). The
Edmonston-Zagreb (EZ) strain of LAMV (Serum Institute of India) was grown
and assayed by plaque formation in Vero cells. Vero and Vero/hSLAM cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals).

Rhesus Macaque TEC Cultures. In brief, respiratory tracts were obtained at
necropsy from two male (60, 62) and two female (61, 69) healthy rhesus
macaques (Macaca mulatta) obtained from Harlan Laboratories after com-
pletion of a study of measles vaccination (11). All nonhuman primate studies
were conducted in accordance with protocols approved by the Johns Hop-
kins University Animal Care and Use Committee. Tracheas were excised from
below the larynx to the bifurcation of the major bronchi, cleaned, cut
lengthwise, and digested for 12 to 18 h with 0.2% pronase (Sigma) in Ham's
F-12 with 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco) at 4 °C
followed by deoxyribonuclease treatment (0.5 mg/mL in Ham's F-12) for
10 min at room temperature (RT). Cells were resuspended in TEC basic media
(DMEM: F12 50:50 [Media Tech], 0.03% NaHCOs, 15 mM Hepes [Gibco],
2 mM glutamine [Gibco], 250 ng/mL amphotericin B [Gibco], penicillin and
streptomycin) with 10% FBS (31) and plated in a 3.5-cm cell culture plate
(Falcon Primaria) for 3 h at 37 °C and 5% CO, to remove contaminating fi-
broblasts. The recovered epithelial cells were plated in a collagen-coated
flask and expanded, and aliquots were frozen in liquid N.

Collagen-coated 0.4mm-pore 0.33 cm? Transwell-Clear (Corning Costar)
supported membranes were used for cell growth and differentiation. Cells
were plated at a density of 10° cells‘cm? and grown in TEC Plus media (TEC
basic with 10 pg/mL insulin, 5 pg/mL transferrin, 0.1 pg/mL cholera toxin,
25 ng/mL epidermal growth factor, 0.05 pM retinoic acid (all from Sigma),
0.03 mg/mL bovine pituitary extract [Becton Dickinson] and 5% FBS). Apical
and basolateral media were changed every other day. TEER was measured
with the Millipore Millicell-ERS (Millipore). Two to three days after reaching
a TEER of 1,000 Q-cm?, the apical media was removed to create an ALl, and
the basolateral media was replaced with TEC maintenance media (TEC basic
with 0.05 puM retinoic acid and 2% NuSerum [Becton Dickinson]). The cells
were infected between days 14 and 21 of ALI.

MeV Infection of rmTEC Cultures. ALI-rmTECs (14 to 21 d) were infected at an
MOI of 4.5 with WT MeV (Bil) or LAMV (EZ). Basal media was changed a day
before the infection. Stock virus was diluted in TEC maintenance media, and
cells were infected through the apical surface in a total volume of 150 pL or
the basolateral surface in a total volume of 500 pL for 4 h at 37 °C. The in-
oculum was removed and washed three times with PBS containing Ca®* and
Mg?*. The apical or basolateral inoculum was replaced with 150 L or 500 L
TEC maintenance media. Apical and basolateral culture fluids were collected
for virus assays or fluorescence-activated cell sorting analysis at the
indicated hours post infection. Infectious MeV was assayed by cocultivation
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Effect of blocking cell-to-cell transmission with FIP delivered apically or basolaterally on virus production. rmTEC cultures infected apically (A) or

basolaterally (B) with LAMV were treated apically or basolaterally at 24 h with an FIP (80 mM) to block transmission of MeV within the culture after the first
round of infection. Apical supernatant fluids were analyzed for percentage of shed cells that were MeV infected. Graph presents results from two inde-

pendent experiments with duplicates or triplicates for each experiment.
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Fig. 9. Different modes MeV transmission in rmTEC cultures after apical
and basolateral infection. Following apical infection, the infected cells are
rapidly released into the apical compartment without infecting the basal
cells. Following basolateral infection, virus spreads laterally to form large
syncytia with transmission to more superficial cells that are shed into the
apical compartment after infection.

of serially diluted culture fluids with Vero or Vero/hSLAM cells in four rep-
licate wells. Cultures were scored for cytopathic effect after 5 d, and data
reported as tissue culture infectious dose 50% (TCIDsq) per milliliter. For
experiments using fusion-inhibitory peptides (FIP, Z-D-PHE-PHE-GLY-OH,
Bachem), cells were infected as above. After washing, TEC maintenance
media containing 80 mM FIP replaced either the apical or the basolateral
media.

Immunofluorescence Microscopy. rmTECs grown on the transwell inserts were
washed with PBS and fixed in 2% paraformaldehyde for 15 min at RT. After
fixation, the cells were washed with PBS and permeabilized with PBS con-
taining 0.2% Triton X-100 for 10 min. The cells were blocked with PBS
containing 3% normal goat serum and 0.5% bovine serum albumin (block-
ing buffer) for 30 min. The cells were then incubated with the primary an-
tibody in blocking buffer for 1 h, washed, and incubated with secondary
antibodies for 45 min. Mouse anti-g-tubulin IV (BioGenex), rabbit polyclonal
anti-Zo1 (Invitrogen), and mouse anti-mucin 5AC (Muc5AC, NeoMarkers)
were used to stain ciliated cells and goblet cells with AlexaFluor
555-conjugated goat anti-mouse antibody as the secondary antibody. All
washes were performed with PBS containing 0.2% Tween 20. The mem-
brane inserts were mounted with Molecular Probes Prolong antifade con-
taining DAPI (Invitrogen) for nuclei staining. The cells were examined using a
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Nikon-90i confocal microscope. Images were analyzed using Volocity (Quo-
rum Technologies) and Image J software.

Examination of Cell Morphology and Detection of MeV Antigens. Cytopathic
effects of MeV infection on rmTEC cultures were examined with a Nikon
inverted TE200 microscope. Shed cells from rmTEC cultures were plated on
96-well flat-bottom plates and centrifuged, and supernatant fluid was re-
moved. For viability, trypan blue dye was added to shed cells and examined
using a light microscope. For metabolic activity, activated-XTT Solution
(ATCC) prepared following the manufacturer’s protocol was added to shed
cells, cultured at 37 °C for 2 h, and examined using a light microscope. For
detection of viral antigen, shed cells were fixed and permeabilized using a
BD Cytofix/Cytoperm kit, washed, and incubated with fluorescein iso-
thiocyanate (FITC)-conjugated antibody to MeV N (Chemicon) in cytoperm
wash solution for 1 h at 4 °C followed by DAPI for 15 min. The cells were
examined using a Nikon inverted TE200 microscope. For quantification of
the number of shed cells, cells from the apical culture fluid were spun onto
slides by Cytospin. The slides were mounted with Molecular Probes Prolong
antifade containing DAPI for staining nuclei, examined using a Nikon-90i
confocal microscope, and counted.

To examine the subcellular structures of MeV-infected shed cells, cells
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were examined using a Philips/FEI BioTwin CM120 transmission electron
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Life Sciences)

Statistical Analysis. For statistical analyses, we performed two-tailed Student’s
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*P < 0.05, **P < 0.01, and ***P < 0.001.
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