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Abstract

The measles virus phosphoprotein (P) gene encodes the P, V, and C proteins, which have multiple
functions including type I interferon (IFN) inhibition. With a focus on viral immune modulation,
we conducted a study on healthy vaccinees (n = 179) to compare cytokine secretion patterns/cell
frequencies and gene expression after in vitro encounter with a highly attenuated strain of measles
virus (MVEdmtag), wild-type MV (MVwt) or recombinant MVVEdmtag expressing the wild-type P
gene (MVVwtP). Cytokines were quantified by ELISA and Elispot. Gene expression profiling was
performed using real-time PCR. We found differential MV-specific cytokine responses to all
detected cytokines characterized by significantly higher cytokine levels (P <0.001) and higher
frequencies (P <0.0001) of cytokine-producing cells after stimulation with the highly attenuated
MVEdm-tag strain in comparison with MVVwt or MVVwtP. Furthermore, gene expression profiling
revealed significant cytokine suppression at the transcriptional level for viruses encoding the
functional wt P gene, compared to attenuated MVVEdmtag (P <0.05). Using lentivirus-mediated
stable expression of P gene-encoded proteins in human cell lines, we demonstrated that the
expression of the functional wt V protein significantly down-modulated the induction of IFNs type
I, 11, and 111 in lymphocytes and monocytes. Taken together our results indicate that Thl, Th2, and
innate/inflammatory cytokine responses in vaccinees are suppressed both at the protein and
transcriptional level by viruses expressing the functional wt P gene products. The functional P
gene-encoded viral proteins (particularly V proteins) emerge as crucial immune evasion factors for
modulating and shaping the measles virus-specific cytokine responses in humans.
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INTRODUCTION

Measles immunity is highly complex, involving different arms of host response, all of which
are interrelated and appear to be required for efficient immune response and viral clearance
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in the course of disease [Wu et al., 1993; Bouche et al., 2002; van Els and Nanan, 2002;
Schneider-Schaulies and Dittmer, 2006; Naniche, 2009]. Our group and others have shown
that measles-specific cytokine and lymphoproliferative responses are surrogate measures of
cell-mediated immunity (CMI) following measles vaccination and disease [Griffin and
Ward, 1993; Ward and Griffin, 1993; Ovsyannikova et al., 2003; Dhiman et al., 2005; Ryan
et al., 2005; Howe et al., 2005a, b; Naniche, 2009]. As intercellular protein messengers,
cytokines are important regulators of innate and adaptive immune responses to both viral
infections and vaccination [Chabalgoity et al., 2007; Steinman, 2007; Larosa and Orange,
2008; Hahm, 2009]. Cytokine induction and signaling are targeted by immune evasion/
modulation factors evolved by pathogens to achieve efficient replication and spread in the
host [Garcia-Sastre and Biron, 2006; Chabalgoity et al., 2007; Randall and Goodbourn,
2008; Hahm, 2009].

Viruses are subject to control by the innate immune system and different strains of measles
virus (MV, family Paramyxoviridae, genus Morbillivirus, species Measles virus) are known
to differ in their interferon (IFN) antagonistic ability, most likely due to differences in the P/
V/C proteins encoded by the viral phosphoprotein (P) gene [Naniche et al., 2000; Gotoh et
al., 2002; Ohno et al., 2004; Devaux et al., 2007, 2008; Haralambieva et al., 2007; Fontana
et al., 2008; Gerlier and Valentin, 2009; Hahm, 2009]. The global effect of these key
immune evasion factors on cellular immune responses and the cytokine milieu has not been
studied comprehensively in humans. There are four known amino acid differences between
the C proteins of the wild-type IC-B MV strain and the highly attenuated Edmonston tag
strain, and 18/16 amino acid differences between the P and V proteins of these two strains,
respectively [Nakatsu et al., 2009]. Most of the changes in the Edmonston tag strain are
common to Edmonston lineage measles virus strains, however due to tyrosine-to-histidine
(Y110H) and cysteine-to-arginine (C272R) substitutions at amino acid positions 110 and
272 (which are not conserved among the Edmonston lineage strains), the V protein of the
Edmonston tag strain is considered defective in countering IFN induction and signaling
[Ohno et al., 2004; Devaux et al., 2007; Fontana et al., 2008; Gerlier and Valentin, 2009].
Therefore, our study aimed to elucidate the role of the viral phosphoprotein gene in measles-
specific innate/inflammatory and adaptive cytokine immune responses in humans. We
undertook an extensive study of host cytokine profiling at the gene expression and protein
level and compared patterns of cytokine responses and cytokine-specific cell frequencies
after in vitro encounter with the highly attenuated Edmonston tag strain of measles virus
(MVEdmtag), wild-type MV (MVwit, IC-B derivative), or recombinant Edmtag strain
expressing the wild-type P gene (MVwtP). We examined virus-specific Thl, Th2, Th17 and
innate/inflammatory cytokine responses in healthy adolescents who had previously received
two doses of measles vaccine. Our data demonstrated a global, differential P gene-dependent
cytokine response in vaccinees with respect to the different viruses studied and suggest that
this might be due to the expression of the strain-specific V protein.

MATERIALS AND METHODS
Study Subjects

We studied a sub-sample (n = 179) of a population-based, age-stratified sample (cohort) of
346 healthy adolescents (aged 12—18 years), from Olmsted County, Minnesota whose
demographic and clinical variables have been previously described [Ovsyannikova et al.,
2004]. Participants were selected from the original set of 346 subjects if the number of cells
available was adequate to assess one or more of the immune outcomes of interest. All
participants had a written medical record of having received two doses of measles-mumps-
rubella-11 (MMR) vaccine, containing the Edmonston strain of MV and had no history of
measles infection or known exposure. The Mayo Clinic Institutional Review Board granted
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approval for the study. Written informed consent and assent (from minors) from subjects
and parents/guardians were obtained at the time of enrollment.

Viruses, Cell Culture, and Infection Assays

All recombinant MV strains: a highly attenuated strain of MV Edmonston tag (MVEdmtag),
wild-type MV (MVwt, IC-B derivative) and recombinant MVEdm-tag strain, expressing the
wild-type P gene (MVVwtP), were a kind gift from Dr. Kah-Whye Peng (Mayo Clinic,
Rochester, MN) and were propagated and titered on Vero or Vero-hSLAM cells as
previously described [Duprex et al., 1999; Takeda et al., 2000; Ono et al., 2001;
Haralambieva et al., 2007] (Fig. 1). For all recombinant viruses the transcription unit for
green fluorescent protein (GFP) was inserted in front of the N gene to ensure the same level
of attenuation (Fig. 1). The generation of MVwtP, a chimeric MVEdmtag encoding the
wild-type P gene, has been described in detail previously [Haralambieva et al., 2007]. This
recombinant virus is essentially the same as the highly attenuated MVEdmtag strain except
that it expresses the P, V, and C proteins of wild-type MV. All viral stocks were free of
lipopolysaccharide (LPS) contamination as verified by the Limulus Amebocyte Lysate
PYROGEN test kit (Cambrex, Walkersville, MD). The human monocytic cell line THP-1
was obtained from the American Type Culture Collection (ATCC, Manassas, VA), and the
EBV-negative human Burkitt’s lymphoma cell line (BJAB) was a gift from Dr. M. Peter
(University of Chicago, IL). VSV-G pseudotyped pHR-SIN-CSGWAdINotl-based lentiviral
vectors (from Dr. Y. Ikeda, Mayo Clinic, Rochester, MN) were created to individually
encode the P, V, or C proteins of the highly attenuated Edmonston tag strain of measles
virus (MVEdmtag) or wild-type strain of measles virus MVVwt (IC-B derivative), all
obtained from Dr. Kah-Whye Peng, Mayo Clinic, Rochester, MN [Haralambieva et al.,
2007]. There are 18 known amino acid differences between the P proteins of the Edmonston
tag strain (MVEdmtag) and the IC-B strain (MVwt). The V proteins of those two strains are
known to differ by 16 amino acids, and the C proteins by 4 amino acids [Nakatsu et al.,
2009] (Fig. 1). The cDNAs encoding the P, V, and C proteins of the MVEdmtag and MVwt
were obtained by RT-PCR (SuperScript™ One-step RT-PCR, Invitrogen, Carlsbad, CA)
from virus-infected cells using specific primers. The cDNAs were cloned into the BamHI-
Notl site of pHR-SIN-CSGWdINotl to replace GFP of the lentiviral vector and their
sequences were verified by DNA sequencing. The V ¢cDNAs were identified by the presence
of a non-templated nucleotide insertion at the RNA editing site. Vector stocks were used to
generate BJAB and THP-1 cell lines, stably expressing individually each one of the proteins
of interest, as confirmed by Western blot (data not shown) [Haralambieva et al., 2007]. We
used these stable cell lines (along with normal BJAB/THP-1 cells) to determine the effects
of P, V, or C proteins from the highly attenuated MVEdmtag strain or from the wild-type
MV strain, on the induction of IFNs. Measles-specific secreted IFN type | (IFN-a), IFN type
I1 (IFN-v), and IFN type 111 (IFN-A1 and IFN-A2) were quantified by ELISA in supernatants
from the generated stable cell lines expressing the corresponding proteins, after MVEdmtag
stimulation at a multiplicity of infection (MOI) of 0.5 for 48 hr. The levels of stimulated IFN
induction in each cell line (after subtraction of the background levels of uninfected cells)
were compared to the levels of a normal BJAB/THP-1 control.

Measles-Specific Cytokines

Measles-specific secreted cytokines (13), and I1L-10 and IFN-y Elispot assays were
performed on a sub-sample of the study subjects depending on cell availability. The number
of GFP-positive infected PBMCs was quantified (by flow cytometry) for each assay, for
each one of the viruses used, and no statistically significant differences between the different
viruses were found (data not shown). Thirteen measles-specific secreted cytokines (Thl:
IL-2, IFN-y, IL-12p40; Th2: IL-4, IL-5, IL-10; Th17: IL-17; and innate/inflammatory:
IL-1B, IL-6, TNF-a, IFN-a, IFN-A1, IFN-A2) were quantified in cultured PBMCs in
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triplicate after live virus stimulation with one of the three viruses using a MOI of 0.5 for all
cytokines except for IL-4 and IL-5, which were assayed at a MOI of 0.1 as previously
described [Ovsyannikova et al., 2005]. Cell-free supernatants were harvested 48 hr later and
assayed by ELISA using kit-specific manufacturer’s recommendations (R&D Systems,
Minneapolis, MN, for IL-17, IFN-A1 and IFN-A2; PBL Biomedical Laboratories,
Piscataway, NJ for IFN-a, and BD Biosciences Pharmingen, San Diego, CA for the rest of
the cytokines). Stimulation with inactivated viruses (using the same MOI and time of
incubation) were included as controls. PHA (5 pg/ml) was used as a positive control.

Human IL-10 Elispot assays (BD Biosciences, San Diego, CA) and IFN-y Elispot assays
(R&D Systems) were performed as previously described [Ryan et al., 2005] and following
the manufacturer’s protocol after live virus stimulation with one of the three viruses at a
MOI of 0.5. PHA (5 png/ml) was used as a positive control. The plates were processed after
initial incubation for 24 hr (for IL-10) or 42 hr (for IFN-y) at 37°C, in 5% CO,. All plates
were scanned and analyzed on an Immuno-Spot® S4 Pro Analyzer (Cellular Technology
Ltd, Cleveland, OH, USA) using ImmunoSpot® version 4.0 software (Cellular Technology
Ltd).

Gene Expression Profiling

Quantitative mRNA expression analyses of 88 human cytokine and cytokine-related genes
were performed using the 96-plex human common cytokines RTZ Profiler™ PCR array
system (SABiosciences, Frederick, MD), customized to add four additional genes: IL29
(IFN-A1), MX1, OASL, and EIF2AK2 (PKR). Total RNA was isolated from PBMCs (from
three high cytokine responders) after mock stimulation (medium Opti-MEM) or after
stimulation with live highly attenuated MVEdmtag virus, wild-type measles virus MVwt, or
attenuated virus expressing the wild-type P gene MVVwtP, at a MOI of 0.5. After 24 hr cells
were stabilized using RNAprotect cell reagent (Qiagen, Valencia, CA), total RNA was
extracted using the RNAeasy Plus Mini kit (Qiagen) and the RNA concentration and quality
were assessed by Nanodrop spectrophotometry (Thermo Fisher Scientific, Wilmington, DE)
and Nano LabChip analysis on an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA),
respectively. Equal amounts of RNA (0.5 pg) from each sample were then converted to
cDNA using the RT2 First Strand Kit (SABiosciences) following the manufacturer’s
instructions. Real-time PCR was performed using the RT2 SYBR Green/ROX gqPCR Master
Mix (SABiosciences), as recommended by the manufacturer, on an ABI Prism 7900 HT
sequence detection system (Applied Biosystems, Carlsbad, CA) with the following cycling
conditions: an initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min. mRNA expression of each gene was normalized using the average
Ct value of all five housekeeping genes (ACTB, GAPDH, B2M, RPL13A, HPRT1), as
recommended.

Statistical Analysis

Measurement of cytokine secretion (by ELISA) and frequencies of cytokine positive cells
(by Elispot) resulted in 12 recorded values per individual for each outcome: 3 without in
vitro viral stimulation (control), 3 post in vitro stimulation with MVVEdmtag, 3 post in vitro
stimulation with MVwt, and 3 post in vitro stimulation with MVwtP. A single summary
measurement per individual per virus was obtained for each outcome by subtracting the
median of the three unstimulated values from the median of the three stimulated values
(negative values indicate that stimulated values were on average smaller than unstimulated
values). Data were descriptively displayed across individuals using medians and inter-
quartile ranges.
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All statistical tests were two-sided. Within-subject differences in cytokine measures across
virus type were evaluated using paired t-tests. Three comparisons were carried out for each
cytokine secretion and Elispot outcome: one comparing MVEdmtag to MVwt, one
comparing MVEdmtag to MVVwtP, and one comparing MVwt to MVwtP. P-values <0.05
were considered significant.

All gene expression data analyses (including QA/QC) were performed using the PCR Array
Data Analysis Web Portal (SABiosciences), and the AAC; method with a fourfold change as
a threshold for up/down-regulation and a P <0.05 as a threshold for statistical significance.

Measles Viruses Expressing Functional/Wild-Type P Gene Products Induce Lower
Cytokine Secretion in Vaccinees Than the Highly Attenuated MVEdmtag

We determined the innate/inflammatory, Thl, Th2, and Th17 cytokine secretion response in
study participants after in vitro exposure to each of three measles viruses (MVEdmtag,
MVwt, and MVVwtP). We were able to detect 8 of the 13 measured cytokines induced at least
by one of the viruses (no secretion of IL-17, IL-4, IL-5, IL-12p40, or 1L-28A/IFN-A2 was
detected) (Table I). Comparison within individuals revealed significantly higher cytokine
levels (P <0.001) after stimulation with the attenuated MVEdmtag strain in comparison with
either MVVwt or MVVwtP for all eight measured cytokines (IL-2, IFN-y, IL-10, IL-1p, IL-6,
TNF-a, IFN-a, IFN-A1/IL29). Stimulation with inactivated viruses revealed low levels of
detected cytokines (for all three viruses), comparable with unstimulated values (data not
shown).

Measles Viruses Expressing the Functional/Wild-Type P Gene Products Elicit Lower
Frequencies of IFN-y/IL-10-Producing Cells in Vaccinees Than MVEdmtag

We also compared the frequencies of MV-specific IFN-y and IL-10 producing cells in
subjects” PBMCs after in vitro stimulation. Consistent with the cytokine secretion data we
detected lower frequencies of IL-10-producing cells in PBMCs, stimulated with MVwt
(median 1 [IQR -3, 6] spots per 2 x 10 cells) or MVwtP (median 4 [IQR 2, 13] spots per 2
x 10° cells) in comparison with MVEdmtag virus (median 103 [IQR 60, 191] spots per 2 x
10° cells) (P <0.0001, Fig. 2A). Similarly, our data demonstrated significantly higher
frequencies of IFN-y-producing cells when subjects” PBMCs were stimulated with
MVEdmtag virus (median 16 [IQR 7, 24] spots per 2 x 10° cells) compared to MVwt or
MVwtP stimulation (P <0.0001, Fig. 2B). In summary, our results quantified the presence
and frequencies of measles-specific IL-10 (0.1%) and IFN-y (0.02%) producing cells, but
only upon stimulation with the highly attenuated MVVEdmtag strain, and not with viruses
expressing the functional wild-type P gene.

Measles Viruses Expressing the Functional/Wild-Type P Gene Products Elicit Differential
and Reduced Cytokine Gene Expression Compared to the Highly Attenuated MVEdmtag
Strain in Vaccinees

To obtain a more comprehensive view of the overall MV-specific gene expression in target
PBMCs, we used the PCR-based RT? Profile PCR array system, comprising 88 cytokine and
cytokine-related genes. The expression profile of MVEdmtag-stimulated, MVwt-stimulated,
and MVwtP-stimulated PMBCs was compared to the mock-stimulated PBMC control after
normalization. In our analyses we used a threshold of fourfold for up/down regulation and a
level of significance of 0.05. The data revealed 30 upregulated (more than fourfold) cytokine
and cytokine related genes upon in vitro MVEdmtag infection, and 29 of those had
expression significantly different from the control (P <0.05) (Table II). These included a
wide range of growth factors, interleukins, TGF-p family and TNF superfamily members,
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interferons type 1, I, and 111, as well as three represented IFN-induced antiviral protein
genes (EIF2AK2/PKR, MX1, OASL). However, stimulation with the viruses expressing the
wild-type P gene, lead to the upregulation of only 4 (of which only 3 genes were with P
<0.05) and 11 of these genes with MVwt and MVwtP stimulation, respectively, and all
demonstrated a lower level of expression (Table 11). All IFN genes (IFNB1, IFNG, IFNLL/
IL29 and five IFNA genes) were significantly upregulated upon stimulation with the
attenuated MVVEdmtag strain, but not with the MVwit strain, and only three of these eight
genes were significantly upregulated (although 30-fold less than MVEdmtag) upon MVwtP
stimulation (Table I11). When expression of cytokine and cytokine-related genes were
compared in the MVwt-stimulated group versus the MVEdmtag-stimulated group we found
27 genes to be down-regulated (more than fourfold) with the wild-type strain in comparison
with the attenuated strain (P <0.05) (Fig. 3A). Similarly, stimulation with MVVwtP (same as
MVEdmtag, but with a wild-type P gene) demonstrated 22 down-regulated genes compared
to MVEdmtag (P <0.05) (Fig. 3B), while the difference between the MVwt versus MVwtP-
stimulated group (6 down-regulated genes, P <0.05) appeared to be smaller (Fig. 3C). Gene
expression was in accordance with the observed protein secretion of the corresponding
cytokines and for most of the genes with detectable cytokine secretion we found gene
upregulation with the attenuated MVEdmtag strain, and no change or upregulation to a
lower extent with the viruses expressing the wild-type P gene (Table I). A significant
number of cytokine and cytokine-related genes not studied at the secretion/protein level also
displayed similar differential gene expression patterns including IFN-induced antiviral
proteins (CSF1, CSF2, FAM3B, IL1A, IL1F5, IL1F9, IL7, IL8, IL15, IL19, TGFA, INHBA,
TNFSF10, TNFSF13B, EIF2AK2, MX1, OASL) (Table 11).

The Functional Wild-Type V Protein Significantly Attenuates the Induction of IFNs Type I,
II, and Il in Human Lymphocytes and Monocytes

We further explored which of the proteins (P, V, or C) is involved in the inhibition of all
three types of IFNs in human cells, by using stable MV-protein expressing BJAB and THP-1
cell lines in comparative experiments of IFN induction. The results demonstrated that only
the expression of the functional wild-type V protein (and to a lesser extent the wild-type P
protein, which shares the N terminal with the V protein) is able to significantly down-
modulate (P <0.01) the stimulated induction of IFN-a, IFN-A1, and IFN-A2 in human BJAB
cells (Fig. 4A-C, respectively). Similarly, we found that expression of the functional wild-
type V protein (but not the P or C wt proteins or P, V, or C MVEdmtag proteins)
significantly inhibits stimulated IFN-y, IFN-\A1, and IFN-A2 in human monocytic THP-1
cells (P <0.001) (Fig. 4D-F, respectively). Thus, the functional wild-type V protein appears
to be the major factor which counters the induction of IFN type I (IFN-a,), type 11 (IFN-y),
and type 111 (IFN-A1 and IFN-A2), in human lymphocytes and monocytes.

DISCUSSION

Generation of an immune response is primarily dependent on the dynamic interactions
between pathogenic viral factors and host determinants. The measles virus P gene is the only
gene in the MV genome which encodes three proteins: the P protein, an important viral
polymerase cofactor, and the V and C non-structural proteins, encoded by a process of RNA
editing and by an alternative translational initiation in a different reading frame, respectively
(Fig. 1). The functions of these proteins are still not completely understood, but they are
known as IFN antagonists [Gotoh et al., 2002; Yanagi et al., 2006; Hahm, 2009]. It has been
demonstrated that V proteins are more potent inhibitors of IFN-inducible reporter gene
expression than C proteins, and this effect was unrelated to whether the protein originated
from an attenuated or wild-type strain [Fontana et al., 2008]. The importance of tyrosine at
position 110 and cysteine at position 272 in the inhibition of IFNa/p and IFNy signaling has
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also been revealed [Ohno et al., 2004; Devaux et al., 2007; Fontana et al., 2008; Gerlier and
Valentin, 2009]. The changes at these two positions in the Edmonston tag strain are not
unique and are also found in other lineages of MV vaccine strains, as well as cultured, cell-
adapted MV strains [Nakatsu et al., 2009]. Therefore, we studied the P gene of the
Edmonston tag strain as a representative P gene of highly attenuated MV strains [Nakatsu et
al., 2009] and compared it to the functional (wild-type) P gene.

Our study comprehensively investigates and compares measles-specific cytokine secretion
profiles and cytokine gene expression and T cell responses in vaccinees, induced by
different MV strains (highly attenuated, wild-type, or chimeric) with the ultimate goal of
elucidating the viral-encoded factors involved in cytokine immune response modulation.
Our results conclusively demonstrate global P-gene-dependent differential cytokine
responses, across all measured cytokines, after stimulation with the highly attenuated
MVEdmtag strain compared to strains expressing the functional/wild-type P gene products
(MVwt and MVVwtP). The observed effects were likely dependent on viral replication and/or
the expression of virus-encoded gene products. Cytokines and cellular immune responses
play a critical role in the outcome of antigen-specific T cell immunity and those were
consistently different in immunized subjects depending on the genetic makeup (P gene) of
the encountered virus. Hence, it is likely that viral factors play a role in the nature and
magnitude of cytokine responses. For the highly attenuated MVEdmtag virus we observed a
mixed activation of both measles-specific Thl (IFN-vy, IL-2) and Th2 (IL-10) immune
responses, innate/inflammatory cytokine responses (including secretion of measles-specific
type 111 IFN-A1) and no Th17-related response. However, the viruses expressing the
functional/wild-type P gene elicited predominantly inflammatory cytokine responses,
characterized by moderate to low levels of IL-6 and IL-1f secretion and no or minimal
secretion above background levels for other detected cytokines (including IFNS), which is
consistent with the lack of global protein shutdown in the infected cells. Our data are in
agreement with our previous, and other studies, which examine the quality, quantity and
dynamics of Th1 and Th2 cytokine responses in the course of disease or after measles
immunization, and demonstrate the involvement of Thl (IFN-vy, IL-2), Th-2 (IL-4, IL-10,
IL-13), or mixed Th1/Th2 responses in measles-specific immunity [Griffin and Ward, 1993,;
Ward and Griffin, 1993; Griffin et al., 1994; Nanan et al., 2000; Moss et al., 2002;
Ovsyannikova et al., 2003; Dhiman et al., 2005; Ovsyannikova et al., 2005; Howe et al.,
2005a,b; Yu et al., 2008; Naniche, 2009]. Suppression of IL-12 secretion has recently been
reported in a cotton rat model, where infection of bone marrow-derived macrophages with a
wild-type MV, but not with a vaccine virus, reduced IL-12 secretion, thus confirming the
notion that MV might disturb cytokine production [Carsillo et al., 2009]. The interaction of
MV hemagglutinin with the human receptor Signaling Lymphocytic Activation Molecule
(SLAM) was demonstrated to suppress TLR4-mediated IL-12 induction in dendritic cells
[Hahm et al., 2006]. Our gene expression data (since we were not able to detect I1L-12p40
secretion) suggest that the functional/wild-type P gene might also contribute to the
transcriptional suppression of 1L12 as well as affect the expression of numerous other
cytokine genes. Interestingly, the ability to activate TLR2 signaling and proinflammatory
cytokine response (like IL-6) in human monocytes was found to be confined to
lymphotropic MV wild-type strains [Bieback et al., 2002]. However, our data are more in
concert with an overall suppression of the cytokine response by wild-type viruses, conferred
at least partly by the functional wild-type P gene-encoded viral factors (mostly the V
protein). Interestingly, our data also demonstrate higher inflammatory responses (I1L-15 and
IL-6 secretion) upon stimulation with the wild-type MV compared to MVwtP, which
suggests that other factors such as the wild-type hemagglutinin protein might be involved in
proinflammatory cytokine activation through TLR2 signaling [Bieback et al., 2002].
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The cytokine-related immunological changes were studied at the transcriptional level (using
real-time PCR arrays) and the gene expression patterns for the three viruses used in the
study closely paralleled the observed protein expression profiles (Table I). Microarray gene
expression patterns comparable to the MVEdmtag-induced gene expression were observed
in immature monocyte-derived dendritic cells infected with the Chicago-1 strain of MV
(grown on Vero cells and hence likely attenuated), including the induction of IFNs,
interleukins, chemokines, TNF superfamily members and IFN-responsive antiviral genes in
addition to other genes associated with maturation of antigen-presenting function and
migration to lymph nodes [Zilliox et al., 2006]. In contrast, wild-type MV elicited only a
few biologically relevant changes in PBMC gene expression consistent with an
inflammatory response (mostly IL1B, IL1A, and IL8 gene upregulation), in agreement with
gene expression data in the literature related to wild-type MV in children with measles
[Zilliox et al., 2007]. Similar to the wild-type virus, the chimeric construct, expressing the
functional (wild-type) P gene on the backbone of the highly attenuated Edmtag strain
(MVWwtP) resulted in the down-modulation of 22 cytokine-related genes compared to the
parental Edmtag strain (Fig. 3B), and substantially attenuated the expression level and
number of upregulated genes (Table 1), indicating viral interference with immune system
activation at the transcriptional level. Our findings are further supported by studies in rhesus
monkeys showing that inflammatory cytokine response (IL-6 and TNF-a) and IFN response
are better controlled by wild-type MV, compared to V- or C-defective measles viruses
[Devaux et al., 2008]. The closely related Morbillivirus infection (Canine Distemper Virus/
CDV) in a ferret model revealed a general lack of cytokine mRNA induction in animals
(infected with lethal CDV strains) that later succumbed to the disease, compared to
survivors (infected with non-lethal strains), providing evidence that Morbillivirus
pathogenesis and disease outcome are likely dependent on immune activation and cytokine
regulation [Svitek and von Messling, 2007].

A number of studies have shown that paramyxovirus P, V, and C proteins inhibit IFN o/p
induction, and/or IFN (IFN a/B or IFNYy) signaling by different mechanisms including
MDADS interaction to block dsRNA binding, STAT degradation, interference with STAT
phosphorylation, nuclear translocation and distribution, and suppression of JAK1
phosphorylation. In addition, the attenuated measles virus phenotype was demonstrated to be
P/V protein-dependent [Gotoh et al., 2002; Palosaari et al., 2003; Shaffer et al., 2003;
Takeuchi et al., 2003; Andrejeva et al., 2004; Ohno et al., 2004; Berghall et al., 2006;
Nakatsu et al., 2006; Caignard et al., 2007; Childs et al., 2007; Devaux et al., 2007, 2008;
Fontana et al., 2008; Ramachandran et al., 2008; Childs et al., 2009; Gerlier and Valentin,
2009; Nakatsu et al., 2009]. Using lentivirus-mediated stable expression of P gene-encoded
viral proteins in human cell lines we were able to identify the functional (wild-type) V
protein as the major immune evasion factor, countering the induction of all three types of
IFNSs (including IFN-LA1 and IFN-A2) in lymphocytes and monocytes. Reports from the
literature suggest that the P or C proteins might also act as IFN antagonists, although the V
proteins are considered more potent IFN inhibitors [Shaffer et al., 2003; Takeuchi et al.,
2005; Nakatsu et al., 2006, 2009; Devaux et al., 2007; Fontana et al., 2008]. Although the
mechanism by which wild-type MV or other strains with functional P/V/C proteins induce
transcriptional down-modulation in numerous cytokine genes, and suppress cytokine
secretion in human cells remains unknown, our studies add new insights into the
immunological changes that occur during MV infection and viral interference for immune
evasion. The P gene-encoded viral proteins (particularly the functional V protein) emerge as
crucial immune avoidance resources for modulating and shaping the virus-specific cytokine
response in humans, thereby affecting the quality and quantity of T cell activation. Further
functional studies to delineate the specific underlying mechanisms are warranted.
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Schematic representation of the viruses used in the study and P/V/C protein differences.

Strain-specific amino acid (aa) substitutions (Y110H in P/V proteins and C272R in V
protein), known to affect IFN signaling are shown with arrows.
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Total IFN-y and 1L-10 Elispot cell frequencies in vaccinees after encounter with different
MV strains. Frequencies of IL-10-producing cells (A), and IFN-y-producing cells (B) in

vaccinees upon stimulation with MVEdmtag, MVwt, or MVVwtP viruses. Results are
presented as median cytokine-positive spots per 2 x 10° cells + interquartile range. *P
<0.0001 for wtP encoding viruses in comparison to MVEdmtag (paired t-test).
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Fig. 3.

Cytokine gene down-modulation in vaccinees upon stimulation with MVs, encoding the
functional wild-type P gene. Normalized expression levels (27ACt ) for cytokine genes in the
two groups (stimulated with different viruses) are represented on each scatter plot. Values
are plotted on the log scale. The line of identity and the lines representing fourfold change as
a threshold for difference are shown. Dots represent individual genes. Dots within the
diagonal lines represent genes not changed between groups. Dots, which fall to the right of
the lower line indicate gene down-regulation (more than fourfold) of: (A) Group 2 (MVwt-
stimulated group, y-axis) versus Group 1 (MVEdmtag-stimulated group, x-axis); (B) Group
3 (MVwtP-stimulated group, y-axis) versus Group 1 (MVEdmtag-stimulated group, x-axis);
(C) Group 2 (MVwt-stimulated group, y-axis) versus Group 3 (MVwtP-stimulated group, x-
axis). All down-regulated genes are significantly different between groups (P <0.05).
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Fig. 4.

The functional wild-type V protein significantly attenuates the induction of IFNs in human
lymphocytes and monocytes. A—C: The P, V, and C proteins of wild-type (wt, lighter gray
bars) MV and attenuated Edmtag MV (edm, darker gray bars) were stably expressed in
BJAB cell line (normal BJAB is represented by black bars) and used in comparative IFN
induction experiments (see the Materials and Methods Section). **P <0.0001; ***P <0.01;
****P <0.05 (paired t-test). D-F: The P, V, and C proteins of wild-type (wt, lighter gray
bars) MV and attenuated Edmtag MV (edm, darker gray bars) were similarly expressed in
the human monocytic cell line THP-1 (normal THP-1 is represented by black bars) and used
in comparative IFN induction experiments (see the Materials and Methods Section). *P
<0.001; **P <0.0001 (paired t-test). Background levels of cytokine secretion in cultures (for
all stable cell lines) not stimulated with measles virus were subtracted from the levels of
MVEdmtag-induced responses to produce the “corrected” secretion values shown. Values
represent mean (from triplicate) £ SD. The data shown are representative of three
experiments (each cell type) with similar results.
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TABLE |

Cytokine Secretion and Gene Expression in Vaccinees Upon Different MV Encounter

Virus Cytokine/protein ~ Secretion, median (IQR) pg/ml Gene symbol Gene expression
MVEdmtag 87 (70, 207) M
MVwt IFN-a 5(,9) IFNA NC
MVwtP 5(2,8) 1,2,4,5,8) T
MVEdmtag 184 (110, 244) +
MVwt IFN-y -10 (=25, 1) IFNG NC
MVwtP -10 (=27, 0) NC
MVEdmtag 36 (27, 59) T
MVwt IFN-A1/1L-29 1(-11,6) IL29/IFNL1 NC
MVwtP 4(-1,12) NC
MVEdmtag 58 (22, 126) o
MVwt IL-1B 45 (8, 60) IL1B

MVwtP 3(1,8)

MVEdmtag 36 (24, 62) T
MVwt 1L-2 6(1,12) L2 NC
MVwtP 6(3,17) NC
MVEdmtag 634 (534, 721) 0
MVwt I1L-6 131 (29, 168) IL6 NC
MVwtP 24 (7,78) NC
MVEdmtag 46 (32, 51) NC
MVwt IL-10 8(3,13) 1L10 NC
MVwtP 2 (-6, 6) NC
MVEdmtag 31 (17, 63) T
MVwt TNF-a 2(0,4) TNF NC
MVwtP 2(1,6) NC
MVEdmtag ND 1L12B T
MVwt 1L-12p40 ND NC
MVwtP ND NC
MV (all strains) IL-4 ND IL4 NC
MV (all strains) IL-5 ND IL5 NC
MV (all strains) IL-17 ND IL17A, IL17B, IL17C NC
MV (all strains) IFN-A2/1L-28A ND IL28A/IFNL2 N

IQR, interquartile range; NC, not changed (for gene expression); ND, not detectable (for cytokine secretion); N, not done.

Page 16

1, Upregulated gene expression 4- to 10-fold; 11, upregulated 10- to 100-fold; 111, upregulated more than 100-fold. All negative cytokine secretion
values indicate that unstimulated levels were, on average, higher than stimulated secretion levels.
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