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Induction of Dendritic Cell Production of Type I and Type III
Interferons by Wild-Type and Vaccine Strains of Measles Virus: Role

of Defective Interfering RNAs
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The innate immune response to viral infection frequently includes induction of type I interferons (IFN), but many viruses have
evolved ways to block this response and increase virulence. In vitro studies of IFN production after infection of susceptible cells
with measles virus (MeV) have often reported greater IFN synthesis after infection with vaccine than with wild-type strains of
MeV. However, the possible presence in laboratory virus stocks of 5’ copy-back defective interfering (DI) RNAs that induce IFN
independent of the standard virus has frequently confounded interpretation of data from these studies. To further investigate
MeV strain-dependent differences in IFN induction and the role of DI RNAs, monocyte-derived dendritic cells (moDCs) were
infected with the wild-type Bilthoven strain and the vaccine Edmonston-Zagreb strain with and without DI RNAs. Production of
type I IFN, type III IFN, and the interferon-stimulated genes (ISGs) Mx and ISG56 by infected cells was assessed with a flow cy-
tometry-based IFN bioassay, quantitative reverse transcriptase PCR (RT-PCR), and immunoassays. Bilthoven infected moDCs
less efficiently than Edmonston-Zagreb. Presence of DI RNAs in vaccine stocks resulted in greater maturation of moDCs, inhibi-
tion of virus replication, and induction of higher levels of IFN and ISGs. Production of type I IFN, type III IFN, and ISG mRNA
and protein was determined by both the level of infection and the presence of DI RNAs. At the same levels of infection and in the
absence of DI RNA, IFN induction was similar between wild-type and vaccine strains of MeV.

Measles is a disease caused by measles virus (MeV) and re-
mains a leading cause of childhood mortality, with approx-
imately 164,000 deaths in 2008 (1). Infection is initiated in the
respiratory tract and then spreads to the local lymph nodes and
through the blood to cause systemic infection and a rash disease
(2-6). MeV infection leads to weeks of immune suppression (7-9)
that result in increased susceptibility to the secondary infections
that are responsible for most measles-related deaths (10). Infec-
tion with a live-attenuated MeV vaccine induces protective im-
munity and does not result in clinically significant immune sup-
pression (11-13).

Dendritic cells (DCs) are among the earliest cells infected by
MeV (2, 3) and play an important role as a link between innate
and adaptive immune responses. DCs recognize pathogen-as-
sociated molecular patterns through cell surface and intracel-
lular receptors, such as Toll-like receptors and RNA helicases
(14), which can lead to activation of transcription factors and
induction of cytokines, such as type I (alpha interferon
[[FN-a] and IFN-B) and type III (IFN-A) interferon (15). DCs
also initiate the adaptive immune response by presenting anti-
gen to T cells (16, 17).

IFNs are an important component of the innate response to
virus infection and use primarily JAK-STAT signaling to induce
IFN-stimulated genes (ISGs), such as myxovirus resistance gene
(Mx) and ISG56, also known as IFIT1. ISGs include genes encod-
ing proteins that inhibit viral replication (15), and viruses have
developed many ways to counteract IFN signaling. Two nonstruc-
tural proteins of MeV, V and C, regulate the IFN pathway by
blocking induction of type IIFN and inhibiting JAK-STAT signal-
ing (18-27).

Inhibition of IFN induction has been proposed as a possible
contributor to the virulence and immune suppression of wild-
type (WT) MeV (28), but studies of MeV induction of IFN have
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been conflicting. Some studies comparing IFN induction by vac-
cine and WT strains of MeV report that the vaccine virus induces
higher levels of IFN than does the WT virus (29-31), while other
studies do not see this difference (27, 32, 33). The sequences of the
V and C protein genes are similar between vaccine and WT strains
(23, 34, 35). In vivo studies have not detected IFN induction dur-
ing measles (26, 36), and in vitro studies have often been con-
founded by the presence of defective interfering (DI) RNA parti-
cles in virus stocks (31, 32, 35, 37).

DI RNAs are most frequently produced during virus replica-
tion when the multiplicity of infection (MOI) or the passage of the
standard virus is high (38). The 5" copy-back form of DI RNA
forms a hairpin RNA structure that is the prevalent form pro-
duced during paramyxovirus replication and is packaged similarly
to the standard virus (39). DI RNA particles are postulated to
interfere with the replication of the standard virus by competing
for viral proteins in the infected cell (38). However, DI RNA par-
ticles are able to induce IFN independently of the standard virus
through interaction with the RNA helicases RIG-I and MDA-5
(31), and their variable presence in virus stocks confounds studies
of MeV strain-dependent IFN induction.

In this study, we assessed IFN production by primary mono-
cyte-derived DCs after infection with WT and vaccine strains of
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MeV. The role of DI RNA particles was directly determined by
comparing stocks of the same vaccine strain of virus with and
without DI RNAs. The results demonstrate that in the absence of
DI RNA and at the same level of monocyte-derived DC (moDC)
infection, IFN is similarly minimally induced by both vaccine and
WT strains of MeV.

MATERIALS AND METHODS

Cells. Vero, Vero/hSLAM, and BHK cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM), and A549 cells (ATCC) were grown in
Ham’s F-12 medium. Media were supplemented with 10% fetal bovine
serum (FBS), 50,000 units of penicillin/streptomycin, and 2 mM r-glu-
tamine (Gibco). Cells were grown in 5% CO, at 37°C.

Leucopacks from healthy adult anonymous donors (Johns Hopkins
Hospital Blood Bank) were used for the isolation of peripheral blood
mononuclear cells (PBMCs) by Ficoll-Paque PLUS (GE Healthcare) gra-
dient centrifugation. Monocytes were isolated from PBMCs using anti-
CD14 microbeads (MACS Miltenyi). T cells (CD3™") were isolated using a
pan-T cell isolation kit, mDCs (BDCA-1") were isolated using the
CD11c™ DC isolation kit, and B cells were isolated using the CD19™
microbeads (MACS Miltenyi). Monocytes, B cells, and T cells were cul-
tured at 1 million cells/ml of RPMI medium supplemented with 4% hu-
man serum type AB (Lonza), 1% penicillin/streptomycin, 1% 100 mM
sodium pyruvate, and 1% 200 mM L-glutamine (RPMI complete). T cell
medium contained 100 U/ml of interleukin 2 (IL-2) (R&D). Monocytes
were differentiated into DCs using 1,000 U/ml of human IL-4 and 500
U/ml of human granulocyte-macrophage colony-stimulating factor
(GM-CSF) (R&D Systems) and incubated for 6 days in 5% CO, at 37°C.
The moDC phenotype on day 6 was confirmed by flow cytometry to be
CD14~ CD11c* HLA-DR™. Viability of cells was determined by trypan
blue exclusion and live-dead staining (Invitrogen). At least 2 donors were
used to calculate the mean values for each experiment.

Viruses and infection of cells. The Edmonston-Zagreb (designated
Edm) vaccine strain of MeV was grown and titers were determined by
plaque formation in Vero cells. Two stocks were established. A DI-free
stock was obtained by inoculation of Vero cells with a reconstituted dry
powder vaccine (manufactured by the Serum Institute of India and dried
by Aktiv-Dry LLC) at an MOI of 0.0001. The DI-containing Edm stock
had been passaged multiple times at a low MOL The Bilthoven WT strain
of MeV was grown and titers were determined by plaque formation in
Vero/hSLAM cells. Vesicular stomatitis virus expressing green fluorescent
protein (VSV-GFP), a gift from Sean Whelan (Harvard Medical School),
was grown and titers were determined by plaque formation in BHK cells.
All virus stocks were free of mycoplasma.

moDCs were either mock infected or infected with MeV at an MOI of
0.4 or 4 for 1 h. Mock infections were performed by adding the same
medium (RPMI complete) used for virus dilution. After washes, the cells
were cultured for 24 or 48 h, and the cellular pellets and supernatant
fluids were collected and stored at —80°C. A 50% tissue culture infec-
tive dose (TCID,) assay was used to determine MeV titers. Briefly,
Vero or Vero/SLAM cells in 96-well plates were infected with serial
dilutions of the supernatant fluids. Wells were assessed for cytopathic
effects (CPE) after 3 to 5 days, and the TCID, was calculated using the
Reed-Muench formula.

Detection and sequencing of DI RNA. Defective interfering (DI)
RNA was detected as previously described (31, 40) using reverse transcrip-
tase PCR (RT-PCR). Briefly, RNA was extracted from cell pellets using an
RNeasy Plus microkit and from supernatant fluids using the QIAamp
viral RNA minikit (Qiagen). cDNA synthesis from RNA was per-
formed using the SuperScript III first-strand synthesis system (Invit-
rogen) according to the manufacturer’s instructions. The primer se-
quences (31, 40) were as follows (Integrated DNA Technologies
[IDT]): standard genome, 5'-TTTATCCAGAATCTCAARTCCGG-3';
DI RNA primer 1, 5'-TATAAGCTTACCAGACAAAGCTGGGAATAGA
AACTTCG-3'; DI RNA primer 2, 5'-CGAAGATATTCTGGTGTAAGTC
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TAGTA-3'. The presence of these RNAs was assessed using agarose gel
electrophoresis. For sequencing, the DI RNA RT-PCR product band (Su-
perScript III one-step RT-PCR kit; Life Technologies) was gel purified,
cloned using the PCRII vector TOPO TA cloning kit (Life Technologies),
and sequenced.

Real-time quantitative PCR. RNA was isolated from moDCs using
the RNeasy Plus microkit (Qiagen). TagMan gene expression assays were
used with the TagMan RNA-to-CT 1-step kit by following the manufac-
turer’s instructions (Applied Biosystems). Relative real-time quantitative
RT-PCR (qRT-PCR) was performed for mRNAs of the following human
genes: GAPDH (glyceraldehyde-3-phosphate dehydrogenase), IFN-f3, IL-
28,1L-29, ISG56 (IFIT1), and Mx1. GAPDH was used as the endogenous
control. A power SYBR green RNA-to-CT 1-step kit (ABI) was used for
the relative quantification of pan-IFN-ao mRNAs by using the following
primers (IDT): forward, GTGAGGAAATACTTCCAAAGAATCAG; re-
verse, TCTCATGATTTCTGCTCTGACAA.

Flow cytometry. Standard surface and intracellular cytokine staining
protocols were followed for flow cytometry. After infection, viability was
determined using live-dead staining (Invitrogen). The cells were then
washed with fluorescence-activated cell sorter (FACS) buffer (1% FBS in
phosphate-buffered saline [PBS]) and stained using antibodies against
the surface markers CD80, CD83, CD86, HLA-DR, and CD209 (BD
Bioscience). The cells were then fixed and permeabilized by following
instructions of the Cytofix/Cytoperm kit (BD Bioscience) and stained
with antibody to the MeV nucleoprotein (N) (Abcam). The samples
were run on a BD FACSCanto II flow cytometer and analyzed using
Flow]Jo software.

IFN quantification and neutralization. Before performing the IFN
bioassay, MeV in supernatant fluids was inactivated by UV radiation for
75 sat 250 m]J and rested for at least 24 h before use. Supernatant fluids (50
wl/well) from either mock- or virus-infected cells (moDC or WI-38 cells)
were added to confluent Vero cells in 96-well plates and incubated for 24
h. Cells were washed and then incubated with VSV-GFP at an MOI of 1.
After 24 h, the cells were trypsinized and analyzed by flow cytometry to
determine the percentage of GFP-positive cells. Each plate included a
virus control (VSV-GFP alone) and a negative control (no supernatant
fluid or VSV-GEFP).

Recombinant IFN-a-2a, IFN-B, IEN-y (PBL Interferon Source), IL-
28a, IL-28b, and IL-29 (eBioscience) were applied in a range of 0.01 to 10°
U/ml to determine the sensitivity of the bioassay for each type of IFN. IFN
activity was quantified using serial 10-fold dilutions of the supernatant
fluids. The dilution at which there was an increase in numbers of VSV-
GFP-infected cells was compared with the IFN-a (IFN-a units) and
IFN-B (IFN-B units) standard curves to determine the IFN concentra-
tion.

Neutralization of IFN activity was accomplished with IFN-a and
IFN-B neutralizing antibodies (10,000 U/ml) or with type I IFN receptor
(20 wg/ml) and type III IFN receptor (IL-10R1; 50 pg/ml) neutralizing
antibodies (PBL Interferon Source). Supernatant fluids and mRNAs were
collected for titration and real-time quantitative RT-PCR.

Supernatant fluids from mock-infected and MeV-infected moDCs
were assessed for levels of IFN-a, IFN-B, IFN-\, and IFN-w proteins
using the VeriPlex human cytokine 9-plex enzyme-linked immu-
nosorbent assay (ELISA) kit (PBL Interferon Source) according to the
manufacturer’s instructions. Chemiluminescence was measured with
a ChemiDoc XRS camera (Bio-Rad), and the data were analyzed using
Q-View software.

Immunoblot analysis. moDCs were lysed with radioimmunoprecipi-
tation assay (RIPA) buffer (1% NP-40, 0.1% sodium dodecyl sulfate
[SDS], 0.1% Na deoxycholate, 10 mM Tris-Cl [pH 7.0], 150 mM NaCl, 1
mM EDTA) with phosphatase inhibitor (Pierce) and protease inhibitor
(Sigma) cocktails. Lysates were collected and stored at —80°C after cen-
trifugation of the cells at 16,000 X g for 15 min. The total protein concen-
tration was determined using the Bradford protein assay (Bio-Rad). A
total of 10 g of protein (per well) was denatured by boiling for 5 min in
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FIG 1 IFN production by various cell types after MeV infection. (A to G)
Mock infection or infection with an Edm or Bilt strain of MeV at an MOI of
4 for moDCs (A), BDCA-1" mDCs (B), monocytes (C), B cells (D), T cells
(E), basophils (F), and A549 cells (G). Supernatant fluids were collected at
24 and 48 h postinfection, UV inactivated, and added to Vero cells. Vero
cells were infected with VSV-GFP, and the percentage of VSV-GFP ™ cells
was determined by flow cytometry. Graphs show the mean = the standard
error of the mean (SEM) from 2 to 6 donors. ***, P value of <0.0005 for
Edm compared to Bilt (Student’s f test).

6X cracking buffer (0.5 M Tris [pH 6.8], 30% glycerol, 10% SDS, 0.12%
bromophenol blue, 6% B-mercaptoethanol). After denaturation, the pro-
teins were electrophoresed in a precast 10% gel (Bio-Rad), followed by
transfer to a nitrocellulose membrane. Antibodies to MX1 and IFIT1
(Abcam) were used at a dilution of 1:2,000, and anti-B-actin (Chemicon)
was used at a dilution of 1:10,000. The secondary horseradish peroxidase-
conjugated antibodies (anti-mouse and anti-rabbit IgG) were diluted
1:5,000.

RESULTS

Stocks of the vaccine but not the WT strain of MeV contain DI
RNA and induce IFN production by moDCs. To determine
whether vaccine and WT strains of MeV differ in their ability to
induce IFN production by moDCs, supernatant fluids were as-
sayed for IFN activity 24 h after cells were infected with the Ed-
monston-Zagreb (Edm) strain or Bilthoven (Bilt) strain at an
MOI of 4. Edm induced IFN, as indicated by inhibition of VSV-
GFP infection of Vero cells, while Bilt did not (Fig. 1A). Statisti-
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FIG 2 Presence of DI RNA in MeV stocks. (A) Stocks of MeV were tested for
the presence of DI RNA with primers that detect the standard genome and
primers that detect DI RNA. Results are shown for the stocks used for this
study: two Edm stocks (one DI free and one with DI) and one DI-free Bilt
stock. (B) Sequencing of the DI RNA from Edm DI confirmed a 5" copy-back
DI with a jump at nucleotide 15716.

cally significant differences in IFN induction were also seen with
primary mDCs (BDCA1™) and A549 cells but not with monocytes
(CD14™), B cells (CD197), basophils, or T cells (Fig. 1B to G).

Because production of IFN after paramyxovirus infection can
be complicated by the presence of DI RNA particles in virus stocks
(31,32,35,37), Edm and Bilt MeV stocks were tested for DI RNAs.
Although both had been passaged ata low MOI (0.0001), the Edm
stock contained DI RNA while the Bilt stock did not (Fig. 2A). The
Edm DI RNA was sequenced and confirmed to be a 5 copy-back
DI RNA with a jump-off point at nucleotide 15716 (Fig. 2B). This
Edm stock was designated Edm DI.

Effect of DI particles on infection. To determine the contri-
bution of DI particles to MeV IFN induction, we developed a new
stock of vaccine virus that did not contain detectable DI RNA
(Edm). Dry powder vaccine stock negative for DI RNA was used to
infect Vero cells at an MOI of 0.0001, and the resulting stock was
confirmed to be negative for DI RNA. While all three virus stocks
had the standard genome, only Edm DI had DI RNA (Fig. 2A).

Edm, Edm DI, and Bilt were used to infect moDCs at an MOI
of 0.4 or 4. At 24 and 48 h after infection, the percentages of viable
cells were similar between infected and uninfected cells. To deter-
mine the percentage of cells infected, intracellular staining for the
N protein was followed by flow cytometry. At an MOI of 4, ap-
proximately 80% of moDCs were infected by Edm and Edm DI at
24 and 48 h but only 35% were infected by Bilt (Fig. 3A). At an
MOI of 0.4, Edm infected 14% of moDCs by 48 h while Bilt in-
fected only 3% (Fig. 3B). These differences were not statistically
significant due to high variability in infection levels between do-
nors, but the pattern of higher infection by Edm than by Bilt was
consistently observed.

Although Edm and Edm DI infected similar percentages of
cells, levels of intracellular N protein were different. Edm- and
Bilt-infected cells had a higher mean fluorescent intensity than
Edm DI-infected cells (Fig. 3C) at both 24 and 48 h after infection.
Edm and Bilt had two distinct negative and positive peaks for N
intensity, while the positive Edm DI peak was wide. Thus, while
similar numbers of cells were infected by Edm and Edm DI, there
was a higher level of N protein production in Edm-infected cells.
Atan MOI of 4, Edm and Bilt also produced infectious virus while
Edm DI did not (Fig. 3D). Edm-infected moDCs produced virus
more slowly than Bilt, but titers at 48 and 96 h were significantly
higher. At an MOI of 0.4, there was no detectable infectious virus
produced by moDCs regardless of virus strain.
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time point.

Edm- and Edm DI-infected moDCs have a more mature phe-
notype. Immature moDCs mature following infection or addition
of cytokines, such as IFN, IL-1-f3, and tumor necrosis factor alpha
(TNF-a). By 48 h, immature DCs infected with Edm, Edm DI, and
Bilt increased surface expression of costimulatory molecules
(CD80 and CD86) and major histocompatibility complex (MHC)
class IT (HLA-DR), with the greatest increase for Edm DI-infected
cells (Fig. 4A to C). Mature DCs have higher expression of CD83
and lower expression of CD209 (DC-SIGN) than immature DCs.
The expression of CD83 was higher in Edm DI-infected cells than
in Edm- or Bilt-infected cells (Fig. 4D). Levels of CD209 were
lowest in Edm DI-infected cells (Fig. 4E). These patterns were
consistent among donors. In summary, Edm DI induced greater
maturation of moDCs than Edm or Bilt.

Edm and Edm DI strains of MeV induce IFN after moDC
infection. When moDCs were infected at an MOI of 0.4, none of
the strains induced detectable levels of IEN (Fig. 5A). In contrast,
at an MOI of 4, both Edm- and Edm DI-infected moDCs pro-
duced IFN while the Bilt-infected moDCs did not (Fig. 5A). The
amounts of IFN produced by Edm and Edm DI-infected moDCs
were compared to recombinant IFN standards that are differen-
tially detected by the Vero cell-based VSV-GFP bioassay (Fig. 6).
The assay is most sensitive for detection of IFN-[3 and least sensi-
tive for IFN-vy. The detection limit for [FN-B, IL-28a, and IL-28b
was 1 to 10 U/ml, the range for IL-29 was 10 to 100 U/ml, and the
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range for IFN-a2a was 100 to 1,000 U/ml (Fig. 6). IFN-y induc-
tion of antiviral activity was essentially not detectable in the bio-
assay (Fig. 6). Using IFN-a and IFN-@ as standards for quantifi-
cation, Edm DI-infected moDCs produced more IEN (3,736 U
IFN-a equivalents/ml; 43 U IFN-B equivalents/ml) than Edm-
infected moDCs (448 U IFN-« equivalents/ml; 24 U IFN-f3 equiv-
alents/ml).

When cells are infected at a high MOI, DI RNAs may be
formed even if the parent stock is DI free. Because moDCs
infected with Edm at a high MOI but not those infected at a low
MOI produced detectable levels of IFN, we assessed the cells for
DI RNA after infection. No DI RNA was detected in cells after
low-MOI infections with either Edm or Bilt. However, the
moDCs infected with the high-MOI Edm (DI free) produced
detectable DI RNA within 24 h (Fig. 5B). As expected, DI RNA
was detected in the low-MOI as well as the high-MOI Edm
DI-infected moDCs.

Type I and type III IFN gene expression and protein levels
upregulated in moDCs after MeV infection. Using the IFN bio-
assay, no IFN was detected after low- or high-MOI Bilt infections.
Itis possible that moDCs were making IFN after WT infection that
was not detected by the bioassay due to an autocrine consumption
of IFN by the producing cells or due to low sensitivity of the bio-
assay for the type of IFN produced (Fig. 6).

We therefore assessed the mRNA levels of IFNs and ISGs in
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FIG 4 moDC maturation status after MeV infection. (A to E) moDCs were infected at an MOI of 4, and the levels of cell surface markers CD80 (A), CD86 (B),
HLA-DR (C),CD83 (D), and CD209 (E) were determined. The mean fluorescent intensity (M.F.L.) of the maturation markers was determined by flow cytometry.
Graphs show the mean + SEM from 2 donors. One-way ANOVA with Bonferroni multiple-comparison tests was used to compare the levels of MeV-infected cells

to those of mock-infected cells. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

moDCs normalized to a reference gene (GAPDH cycle threshold
[Cy] value of 21) by qRT-PCR before (Fig. 7) and after (Fig. 8 and
9) infection. To determine relative fold change compared to the
baseline, a C; value of 50 was assigned to genes that were not
expressed at baseline. Pan-IFN-a primers that detect all 14 sub-
types were used to detect IFN-oo mRNA. In uninfected moDCs,
IFN-a and IFN-B mRNAs were constitutively expressed (normal-
ized Cr values of 1.56 to 1.58) while IL-28 and IL-29 were not
expressed (normalized C; value of 2.34) (Fig. 7). ISG Mx mRNA
was constitutively expressed at high levels (normalized C; of
1.25), and ISG56 mRNA was expressed at somewhat lower levels
(normalized C; of 1.59) (Fig. 7).

To determine if IFN mRNAs were being induced by infection
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even when protein was not detected by a bioassay, we examined
expression of both type I and type III IFN mRNAs after infection.
IFN-o mRNA was induced in moDCs by Edm, Edm DI, and Bilt
after infection at an MOI of 0.4 or 4. At 24 h, Edm DI induced the
highest levels of IFN-a mRNA, followed by Edm and Bilt (Fig. 8A
and B). At 48 h, there was a similar strain-dependent pattern,
although the differences in IFN-ae mRNA levels were reduced (Fig.
8A and B). The mRNA levels were much higher at an MOI of 4
than at an MOI of 0.4. Similar strain- and MOI-dependent pat-
terns were also seen for IFN-[3, IL-28 (IL-28A and IL-28B), and
IL-29 mRNAs (Fig. 8D, E, G, H, J, and K). Similar to a previous
report that DI RNAs induce IFN very rapidly (31), high levels of
IFN-a, IFN-, IL-28, and IL-29 mRNAs were observed by 12 h
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with Edm DI at an MOI of 4 and as early as 2 h for IFN-3 (2,593-
fold increase), IL-28 (73,070-fold increase), and IL-29 (2,330,164-
fold increase).

IEN protein levels were assessed in supernatant fluids from
mock-infected and MeV-infected moDCs using a multiplex
ELISA kit. No IFN-a, IFN-3, IEN-X, or IFN-w protein was de-
tected in supernatant fluids of mock-infected or 0.4-MOI MeV-
infected moDCs at 24 or 48 h. Following infection at an MOI of 4,
IFN-a was detected at 24 and 48 h with Edm and Edm DI but not
Bilt (Fig. 8C). IFN-[3 was detected at 48 h with Edm DI at an MOI
of 4 (Fig. 8F). IFN-\ and IFN-w proteins were detected at 24 h
only after infection with Edm DI at an MOI of 4 and by 48 h with
both Edm and Edm DI (Fig. 8T and L).

ISG induction in infected moDCs. Because both type I and
type III IFN mRNAs were induced after MeV infection, we mea-
sured mRNA levels of ISGs expected to be induced by IFN. Both
Mx and ISG56 mRNAs were induced after infection of moDCs at
an MOI of 0.4 or 4 with all of the strains (Fig. 9A to D). Similar to
the IFN mRNA, there was a strain- and MOI-dependent pattern.
At an MOI of 0.4 or 4, Edm DI-infected cells had higher levels of
Mx and ISG56 mRNAs at 24 h than Edm-infected cells or Bilt-
infected cells that had the lowest levels (Fig. 9A to D). Again, at 48

Recombinant IFN titration
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FIG 6 Sensitivity of Vero cell/VSV-GFP bioassays for detection of different
types of IFN. The recombinant human IFNs IFN-«, IFN-@, IFN-y, IL-28A,
IL-28B, and IL-29 in the concentration range of 0.01 to 100,000 U/ml were
applied to Vero cells for 24 h prior to challenge with VSV-GFP. Percentages of
GFP-positive cells were determined by flow cytometry 24 h later.

July 2013 Volume 87 Number 14

h, the ISG mRNA levels were similar between Edm and Edm DI
while Bilt induced lower levels.

To determine if protein was produced, we assessed ISG protein
levels by immunoblot. Interestingly, despite differences in mRNA
levels, baseline levels of ISG56 protein were similar in uninfected
cells and infected cells (Fig. 9E). However, after Edm and Edm DI
infections with an MOI of 4, a second, higher-molecular-
weight band was also present. In contrast to ISG56, Mx protein
was not present in mock-infected cells. With infection at an
MOI of 0.4, only Edm DI-infected cells produced detectable
levels of Mx protein (Fig. 9F). At an MOI of 4, Edm DI-infected
cells produced the highest levels of Mx protein, followed by
Edm-infected cells, while Bilt-infected cells produced little to
no Mx protein (Fig. 9F).

Type I IFNs induce ISGs in infected moDCs. While Mx and
ISG56 are generally thought to be exclusively induced by IFN,
recent studies have suggested that certain ISGs can be induced
independent of IFN signaling (41). To determine whether Mx
and ISG56 mRNAs were induced solely by IFN, infected
moDCs were cultured with neutralizing antibodies for IFN-a
and IEN-B for 24 h. If the induction of ISGs were independent
of IFN, then this neutralization would not affect ISG levels. For

moDC

Ct value /GAPDH Ct

¢ KX D O S
PN S R

FIG 7 Baseline levels of IFN and ISG mRNAs in mock-infected moDCs.
Quantitative RT-PCR was performed for the following genes: IFN-a, IFN-f3,
IL-28, IL-29, Mx, and ISG56. Graphs show the mean * SEM from 2 donors of
the cycle threshold (C;) values normalized to GADPH. A value of 50 was
assigned to undetectable mRNAs.
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FIG 9 ISG levels after MeV infection. (A to D) RNA was isolated from moDCs
infected with MeV at an MOI of 0.4 or 4. qRT-PCR was performed for ISG56
(A and B) and Mx (C and D) gene mRNAs. Graphs show the mean log,, fold
change * SEM from 2 donors of the C;. values compared to mock-infected
cells. No significant differences were identified (one-way ANOVA with Bon-
ferroni multiple-comparison tests). (E and F) Immunoblots for ISG56 (E) and
Mx (F) protein levels after MeV infection.

all of the strains with an MOI of 0.4 or 4, there was a reduction
in Mx and ISG56 mRNA expression when type I IFN was neu-
tralized (Fig. 10A to D). Interestingly, the mock-infected cells
also expressed lower levels of ISGs in the presence of neutral-
izing antibodies, suggesting constitutive production of IEN by
moDCs.

Neutralization of type I IFN for the low-MOI Edm- and Edm
DI-infected cells did not improve infectious virus production at
48 h (Fig. 10E). In contrast, there was an increase in production of
infectious virus by low-MOI Bilt-infected cells in the presence of
type I IFN neutralizing antibodies (Fig. 10E). With infection at an
MOI of 4, there was a significant increase in infectious virus pro-
duction for Edm, Edm DI, and Bilt in the presence of type I [FN

IFN Induction by Vaccine and WT Strains of Measles Virus

neutralizing antibodies (Fig. 10F). This suggests that constitutive
production of low levels of IFN-a/f in the cultures inhibits MeV
production. Interestingly, high-MOI infection of moDCs by Edm
DI produced virus levels comparable to those of Edm in the pres-
ence of neutralizing antibodies while there was no infectious virus
detected without IFN neutralization. As DI particles have an in-
hibitory effect on the standard virus production, these data sug-
gest that this inhibitory effect is likely explained largely by the IFN
induced by DI RNAs.

To determine if blocking type III IFN activity would reduce
ISG expression, we used receptor-blocking antibodies against type
I IEN receptor alone, type III IFN receptor alone, or both recep-
tors. In mock-infected and infected moDCs, blocking type III IFN
receptor alone did not decrease ISG levels (Fig. 10G to J). Blocking
both typeIand type IIl receptors decreased ISG mRNA expression
to a similar level as blocking type I receptor alone (Fig. 10G to J).
This suggests that Mx and ISG56 mRNAs are induced primarily by
type I IFN. This is consistent with lower levels of baseline IFN-\
mRNA (although the fold change is high after infection) (Fig. 7
and 8) than of IFN-a and IFN-3 mRNAs.

Similar levels of IFN induced by Edm and Bilt when infection
levels are equal. Because Edm infects moDCs more efficiently
than Bilt at the same MOI (Fig. 3B and C), we next assessed IFN
induction when infection levels were the same. moDCs were in-
fected with Edm or Bilt to achieve a 5% infection level, and the IFN
and ISG mRNA levels were assessed. The mRNA levels induced by
the two strains at the same levels of infection were not significantly
different for IFN-a, IFN-f, IL-28, IL-29, Mx, or ISG56 (Fig. 11A
to F).

DISCUSSION

In this study, we have shown that moDCs were less-efficiently
infected by a WT strain of MeV than by a vaccine strain but that
production of WT infectious virus was more rapid. IFN-a and -3
mRNAs were constitutively produced by moDCs, and IFN-a, -3,
and -N mRNAs were induced after infection with both the WT and
vaccine strains of MeV. Direct comparison of vaccine virus
stocks with and without DI RNAs showed that DIs induced
high levels of IFN-a, -, and -N mRNAs, resulting in lower
virus replication and greater DC maturation. Levels of IFN
mRNA were lower after WT MeV infection, but when adjusted
for level of infection, induction of IFN and ISG mRNAs was
similar. Therefore, these studies have shown no difference in
induction of IFN by infection of moDCs with vaccine and WT
strains of MeV as long as levels of infection were comparable
and the presence of DI RNA was controlled for.
More-efficient infection of moDCs with Edm than with Bilt
may be partly explained by MeV receptor availability on immature
DCs (30). There is universal expression of the CD46 receptor used
by Edm but limited expression of the SLAM/CD150 receptor re-
quired for Bilt infection (42). Previous studies comparing infec-
tious virus production after vaccine and WT infection of moDCs

FIG 8 IFN mRNA and protein expression levels after MeV infection. RNA was isolated from cells infected with MeV at an MOI of 0.4 (A, D, G, and J) or 4 (B,
E, H, and K). qRT-PCR was performed for the following gene mRNAs: IFN-a (A and B), IFN-B (D and E), IL-28 (G and H), and IL-29 (J and K). Graphs show
the mean log,, fold change = SEM of the C; values compared to mock-infected cells from 2 donors. (C, F, I, and L) Multiplex ELISA performed on the
supernatant fluids from moDCs infected at an MOI of 4 to determine the protein levels of IFN-a (C), IEN-B (F), IEN-A (I), and IFN-w (L). Graphs show the mean
log,, concentration (pg/ml) = SEM from 3 donors. *, P < 0.05; ***, P < 0.0005. One-way ANOVA with Bonferroni multiple-comparison tests for comparing

Edm and Edm DI to Bilt.
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FIG 11 IFN and ISG mRNA levels in moDCs infected with Edm and Bilt at
similar levels. (A to E) RNA was isolated from moDCs with 5% of cells infected
with Edm or Bilt. qRT-PCR was performed comparing mRNA levels to those
of mock-infected cells for IFN-a (A), IFN-B (B), IL-28 (C), IL-29 (D), Mx (E),
and ISG56 (F). Graphs show the mean log;, fold change * SEM from 2 donors
of the C; values compared to mock-infected cells. No significant differences
were identified between Edm and Bilt for any of the genes (Student’s ¢ test).

are conflicting. One study showed greater virus production by WT
MeV (43), and another study showed similar virus production by
vaccine and WT strains (44). In our study, Bilt-infected moDCs
produced more virus at 24 h, but by 48 h, Edm-infected cells
produced more infectious virus.

Both vaccine and WT MeV were able to induce the expression
of type I IFN, type III IFN, and ISG mRNAs to a limited extent.
DCs induce IFN-A mRNA after infection with influenza and Sen-
dai viruses (45). To our knowledge, this is the first study showing
the induction of type III IFN by MeV-infected DCs. Edm induced
higher levels of IFN mRNA than did Bilt, and this difference was
reflected in IFN-a, IFN-\, IFN-w, and Mx protein levels. These
differences in IFN protein levels between the strains correlate with
one study (31), but another study that used a lower MOI did not
see differences in IFN-a or IFN-f3 protein levels (30). Surprisingly,

IFN Induction by Vaccine and WT Strains of Measles Virus

despite differences in IFN-B and ISG56 mRNA levels, there were
no differences in protein levels in infected and uninfected moDCs
(except at 48 h with Edm DI for IEN-). While IFN-f3 protein is
not expressed before or after infection, ISG56 is expressed basally
and does not increase after infection. A discrepancy between
IFN-B mRNA and protein levels was previously reported for MeV
infection of moDCs (30). Basal expression of ISG56 has been re-
ported for uninfected macrophages (46).

Our IFN bioassay results also showed differences in levels of
functional IFN induced by different MeV strains. However, no
functional IFN (in contrast to mRNA and immunoblot data)
was detected after infection with Bilt. This might be due to IFN
being made below the detection limit of a bioassay, as there is
only a faint immunoblot band after Bilt infection for Mx pro-
tein, which inhibits VSV replication used for the bioassay as
well as MeV (47, 48). While Bilt induced less IFN than Edm in
moDCs, Bilt had lower levels of infection. When levels of in-
fection were adjusted, there was similar induction of IFN and
ISG mRNAs. Thus, differences in infection levels at least partly
explained the differences in IFN production by the WT and
vaccine strains of MeV.

DI RNAs played a major role in the induction of IFN by MeV-
infected moDCs. Despite low-MOI passage, we detected DI RNA
in most of our vaccine stocks and some WT stocks, including the
stock of the Chicago-1 strain used for a previous transcriptional
analysis of moDC infection with MeV (49). Therefore, it is impor-
tant that the presence or absence of DI RNAs be documented for
any studies of IFN induction by MeV. The presence of DI RNA in
Edm stocks did not affect its ability to infect moDCs but did affect
MeV replication. Both expression of N protein and production of
infectious virus were decreased.

A lack of infectious virus production after Edm DI infection
may be explained in part by interference with standard virus rep-
lication (38), but blocking the activity of IFN indicates that induc-
tion of type I IFN, type III IFN, and ISGs is probably more impor-
tant. IFN neutralizing antibodies increased production of
infectious virus after Edm DI infection from undetectable levels to
levels comparable to those of DI-free Edm.

The moDCs infected with Edm DI were more mature. In-
creased maturation by DI particles has also been documented with
another paramyxovirus, Sendai virus (50, 51). Because DI RNA
particles interfere with standard virus replication, induce high lev-
els of IFN, and enhance maturation of DCs, they have been pro-
posed as possible vaccine candidates (52) or adjuvants (50). Fur-
ther research would be needed before moving forward with such
an approach.

In summary, we have shown that there is essentially no differ-
ence in IFN induction in moDCs by infection with the Edmon-
ston-Zagreb vaccine and Bilthoven WT strains of MeV. Analysis
of cellular responses to infection and virus production requires

FIG 10 Levels of ISG expression and virus production after infection of moDCs in the presence of IFN neutralizing antibodies. (A to F) moDCs infected by MeV
at an MOI of 0.4 or 4 in the presence of IFN-a and IFN-B neutralizing antibodies. mRNA levels of ISG56 (A and B) and Mx (C and D) compared to those in
mock-infected cells. (E and F) Production of infectious virus. (G to J) moDCs were infected by MeV at an MOI of 0.4 or 4 in the presence of antibodies against
type I IEN receptor only (1), type III IEN receptor only (3), both antibodies (B), or no antibodies (—). mRNA levels of ISG56 (G and H) and Mx (I and J)
compared to those of mock-infected cells without neutralizing antibodies. Graphs show the mean log,, fold change = SEM from 2 donors of the C;. values
compared to mock-infected cells. *, P < 0.05; **, P < 0.005; ***, P < 0.0005. Student’s ¢ tests or one-way ANOVA with Bonferroni multiple-comparison tests was
used to compare the mRNA fold changes and virus titers to the no-antibody control.
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control for the presence of DI RNAs in the MeV stocks used for
infection.
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