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ABSTRACT

NYVAG, a highly attenuated, replication-restricted poxvirus, is a safe and immunogenic vaccine vector. Deletion of immune eva-
sion genes from the poxvirus genome is an attractive strategy for improving the immunogenic properties of poxviruses. Using
systems biology approaches, we describe herein the enhanced immunological profile of NYVAC vectors expressing the HIV-1
clade C env, gag, pol, and nef genes (NYVAC-C) with single or double deletions of genes encoding type I (AB19R) or type II
(ABSR) interferon (IFN)-binding proteins. Transcriptomic analyses of human monocytes infected with NYVAC-C, NYVAC-C
with the BI9R deletion (NYVAC-C-AB19R), or NYVAC-C with B8R and BI9R deletions (NYVAC-C-ABS8RB19R) revealed a con-
certed upregulation of innate immune pathways (IFN-stimulated genes [ISGs]) of increasing magnitude with NYVAC-C-AB19R
and NYVAC-C-AB8RB19R than with NYVAC-C. Deletion of B8R and BI19R resulted in an enhanced activation of IRF3, IRF7,
and STAT1 and the robust production of type I IFNs and of ISGs, whose expression was inhibited by anti-type I IFN antibodies.
Interestingly, NYVAC-C-AB8RB19R induced the production of much higher levels of proinflammatory cytokines (tumor necro-
sis factor [TNF], interleukin-6 [IL-6], and IL-8) than NYVAC-C or NYVAC-C-AB19R as well as a strong inflammasome response
(caspase-1 and IL-1f3) in infected monocytes. Top network analyses showed that this broad response mediated by the deletion of
B8R and B19R was organized around two upregulated gene expression nodes (TNF and IRF7). Consistent with these findings,
monocytes infected with NYVAC-C-ABSRB19R induced a stronger type I IFN-dependent and IL-1-dependent allogeneic CD4* T
cell response than monocytes infected with NYVAC-C or NYVAC-C-AB19R. Dual deletion of type I and type II IFN immune
evasion genes in NYVAC markedly enhanced its immunogenic properties via its induction of the increased expression of type I
IFNs and IL-1f and make it an attractive candidate HIV vaccine vector.

IMPORTANCE

NYVAC is a replication-deficient poxvirus developed as a vaccine vector against HIV. NYVAC expresses several genes known to
impair the host immune defenses by interfering with innate immune receptors, cytokines, or interferons. Given the crucial role
played by interferons against viruses, we postulated that targeting the type I and type II decoy receptors used by poxvirus to sub-
vert the host innate immune response would be an attractive approach to improve the immunogenicity of NYVAC vectors. Using
systems biology approaches, we report that deletion of type I and type II IFN immune evasion genes in NYVAC poxvirus resulted
in the robust expression of type I IFNs and interferon-stimulated genes (ISGs), a strong activation of the inflammasome, and
upregulated expression of IL-1f3 and proinflammatory cytokines. Dual deletion of type I and type II IFN immune evasion genes
in NYVAC poxvirus improves its immunogenic profile and makes it an attractive candidate HIV vaccine vector.

he control of human immunodeficiency virus (HIV) trans-

mission is a public health priority, and considerable resources
and efforts have been dedicated to HIV vaccine research. The ideal
HIV vaccine should elicit both humoral and cellular effector func-
tions to induce durable protective immunity (1, 2). One approach
used to generate robust T cell responses is to express HIV antigens
in recombinant replication-defective viral vaccine vectors, such as
adenovirus or poxvirus (3). In recent years, adenovirus vectors
based on human adenovirus serotype 5 (Ad5) have become a
promising platform for HIV vaccine development (4). However,
the Step Ad5 HIV-1 gag/pol/nef vaccine trials failed to prevent
HIV-1 infection or to reduce the early viral load in Ad5-seroneg-
ative subjects. More importantly, it was associated with an in-
creased rate of HIV infection in individuals with preexisting im-
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munity to Ad5 (5). Two other trials of a recombinant Ad5-
vectored HIV-1 vaccine, the HVTN 503 and the HVTN 505 trials,
did not show vaccine efficacy (6-8).

Poxviruses offer a promising alternative to adenoviruses, as
illustrated by the results of the phase III Thai HIV prime-boost
vaccine study combining a live recombinant canarypox vaccine
vector (ALVAC-HIV) and a glycoprotein 120 subunit vaccine
(AIDSVAX B/E) (9). This vaccine regimen was well tolerated and
had a definitive, albeit modest (31%) efficacy for the prevention of
HIV infection. However, it did not change the levels of viremia or
increase CD4" T cell counts in subjects who developed HIV-1
infection. Regardless of these encouraging results, the search must
thus go on to develop new poxvirus-based vaccine vectors with
improved clinical efficacy.
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Poxviruses have been studied extensively as gene transfer vectors
(10). A large packaging capacity for recombinant DNA, precise virus-
specific control of target gene expression, a lack of persistence of
genomic integration in the host, and high immunogenicity when
used as a vaccine make poxviruses very attractive as gene delivery
systems for the development of new vaccines (11). Vaccinia virus
(VACV) was one of the poxviruses used for recombinant gene ex-
pression. Concerns about the safety of VACV led to the development
ofhighly attenuated strains of poxviruses, such as ALVAC, MVA, and
NYVAC. NYVAC is a derivative of the Copenhagen VACV strain
with attenuated virulence due to the deletion of 18 open reading
frames involved in host tropism, virulence, and pathogenesis (12).
NYVAC vectors are replication deficient in most mammalian cells
and have been shown to be safe and immunogenic in humans (13).
These favorable intrinsic properties have made NYVAC an interest-
ing virus vector for use in a vaccine against HIV and other pathogens
causing infectious diseases. NYVAC vectors expressing either the
simian immunodeficiency virus (SIV) or the HIV type 1 (HIV-1) env,
gag, pol, and nef genes have been shown to exhibit favorable immu-
nological and safety profiles in preclinical and clinical studies (14—
16). Recent studies showed that a DNA-C prime and NYVAC-C
boost regimen induced HIV-specific CD4" and CD8" T cell re-
sponses in the blood and intestinal mucosa of healthy vaccinees (15,
17, 18). Moreover, polyfunctional HIV-specific T cell responses were
observed in chronically infected, antiretroviral therapy-treated HIV-
infected patients following NYVAC immunization (17).

Notwithstanding these promising results, there is a clear need
to design novel NYVAC vaccine vectors with improved immuno-
logical profiles. To achieve this goal, NYVAC vectors were gener-
ated using a recombinant virus expressing HIV-1 clade C env, gag,
pol, and nef genes (NYVAC-C) and single or multiple deletions of
critical immune evasion genes known to impair the host innate
immune defense response by interference with Toll-like receptor
(TLR) sensing pathways, cytokines, or interferons (IFNs) (19, 20).

Given the crucial role played by the IFN family of cytokines in
the modulation of host innate and adaptive immune responses
against viruses, targeting of either type I (alpha IFN [IFN-a],
IFN-B) or type II (IFN-vy) decoy receptors released by poxvirus
appeared to be an attractive approach to improve the immunoge-
nicity of NYVAC. Here we report on systems biology approaches
used to characterize the enhanced immunological profile of an
NYVAC-C vaccine vector with the deletion of a single gene
(ABI9R) or two genes (ABS8R ABI9R) encoding soluble proteins

Received 28 October 2014 Accepted 12 January 2015
Accepted manuscript posted online 21 January 2015

Citation Delaloye J, Filali-Mouhim A, Cameron MJ, Haddad EK, Harari A, Goulet J-P,
Gomez CE, Perdiguero B, Esteban M, Pantaleo G, Roger T, Sékaly R-P, Calandra T. 2015.
Interleukin-1- and type | interferon-dependent enhanced immunogenicity of an
NYVAC-HIV-1 Env-Gag-Pol-Nef vaccine vector with dual deletions of type I and type Il
interferon-binding proteins. J Virol 89:3819-3832. doi:10.1128/JV1.03061-14.

Editor: G. Silvestri
Address correspondence to Thierry Calandra, Thierry.Calandra@chuv.ch.
J.D.and AF-M. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IVI.03061-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03061-14

3820 jvi.asm.org

Journal of Virology

binding to and inhibiting type I (B19) or type II (B8) IFN binding
to their cognate receptors.

MATERIALS AND METHODS

Ethics statement. Blood samples from healthy subjects were obtained
from the blood bank of Lausanne, Switzerland. Donors provided written
consent, and all samples were processed anonymously.

Cells and reagents. Peripheral blood mononuclear cells from healthy
donors (recruited by the Blood Center, Lausanne, Switzerland) were ob-
tained by use of a Ficoll-Hypaque density gradient (GE Healthcare, Glatt-
brugg, Switzerland). Human primary monocytes (purity, >97%) were
isolated using anti-CD14 beads (Miltenyi Biotech, Bergisch Gladbach,
Germany), whereas CD4™ T cells (purity, 95%) were isolated using the
human CD4 T lymphocyte enrichment set-DM (BD Biosciences, Erem-
bodegem, Belgium). Cells of the human monocytic THP-1 cell line
(American Type Culture Collection, Manassas, VA) were cultured in
RPMI 1640 medium containing 2 mM L-glutamine, 50 WM 2-mercapto-
ethanol, 100 IU/ml of penicillin, and 100 jg/ml of streptomycin (all from
Invitrogen, San Diego, CA) plus 10% heat-inactivated fetal calf serum
(Sigma-Aldrich, St. Louis, MO). THP-1 cells were differentiated into
macrophages by treatment for 24 h with 65 ng/ml phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich) before usage. In selected experiments,
cells were incubated with 10 pg/ml of human anti-IFN-a (clone
MMHA-2) plus anti-IFN-$ (clone MMHB-2) control antibody (both
clones were from PBL Biomedical Laboratories, Piscataway, NJ) or 100
pg/ml of recombinant human interleukin-1 (IL-1) receptor antagonist
(IL-1ra; R&D Systems, Minneapolis, MN).

Production of NYVAC vaccine vectors and in vitro models of infec-
tion. NYVAC-C poxviruses expressing the HIV-1 clade C env, gag, pol,
and nef genes were cultured in chicken embryo fibroblasts, purified by two
sucrose cushions, and titrated on BHK-21 and BSC-40 cells as previously
described (21). NYVAC-C was used to generate NYVAC-C vectors with a
BI9R single deletion (NYVAC-C-AB19R) or a B8R and BI9R double de-
letion (NYVAC-C-AB8RBI19R) as described elsewhere (20, 22, 23). Hu-
man primary monocytes and THP-1 cells were infected for 1 h with the
NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-AB8RB19R vectors at a
multiplicity of infection (MOI) of 1 or 5 PFU/cell. Cell culture medium
was removed, and incubation was continued to the chosen time point.
Cells and cell culture supernatants were then collected and processed for
enzyme-linked immunosorbent assay (ELISA), RNA extraction, and
Western blot analyses. For whole-blood assay, 100 wl of heparinized
whole blood from healthy subjects was diluted 5-fold in RPMI 1640 me-
dium containing the NYVAC vectors and incubated for 24 h at 37°C in the
presence of 5% CO, (21). Cell-free supernatants were harvested and
stored at —80°C until measurement of cytokine levels.

Gene expression analysis. Microarray analysis was performed on pri-
mary cells from a total of 4 donors as previously described (24). Briefly,
RNA was isolated using RNeasy microkits (Qiagen, Hombrechtikon,
Switzerland). The quantity and quality of the RNA were evaluated using a
NanoDrop 2000c spectrophotometer (NanoDrop Technologies, Willing-
ton, DE) and an Experion electrophoresis system (Bio-Rad, Hercules,
CA). Total RNA (50 ng) was amplified using Illumina TotalPrep RNA
amplification kits (Life Technologies, Grand Island, NY). Biotinylated
cRNA (750 ng) was hybridized onto HumanHT-12_V4 BeadChips and
quantified using an Illumina BeadStation 500GX scanner and Illumina
BeadScan software. Gene expression data were preprocessed using R and
Bioconductor software (24, 25). The LIMMA package was used to fit a
linear model to each probe and perform (moderated) ¢ tests or F tests on
the groups being compared. To control the expected proportions of false-
positive results, the false discovery rate for each unadjusted P value was
calculated using the Benjamini and Hochberg method implemented in
LIMMA.

Pathway and network analysis was used to identify canonical signaling
pathways and molecular interaction networks from a list of genes selected as
being differentially expressed between two groups of samples using Ingenuity
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Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA)
(26). Genes that had adjusted Pvalues of <0.25 and absolute fold change (FC)
values of >1.3 were used for pathway and network analysis. General IFN
response genes were filtered on the basis of a published list (27) and our own
supplementation (24). The resulting general IFN responses were also filtered
for genes unique or common to type I (IFN-a) and type II (IFN-y) responses
viaa query based on published IFN-a and IFN-+y gene lists from Waddell et al.
(27) and additional curation and annotation supplied by the GeneCards
(http://www.genecards.org) and NCBI Biosystems (http://www.ncbi.nlm
.nih.gov/biosystems) public databases (see Table S1 in the supplemental ma-
terial).

Real-time PCR. Real-time PCR analyses were performed as previously
described (24). Briefly, 1 pg of total RNA was reverse transcribed using a
SuperScript VILO ¢cDNA synthesis kit (Invitrogen) with random primers.
The cDNA was analyzed in duplicate on an OpenArray NT cycler (BioTrove)
using TagMan real-time PCR plates (Applied Biosystems, Rotkreuz, Switzer-
land) preloaded with primer pairs (see Table S2 in the supplemental mate-
rial). cDNA samples were loaded into the plates using an OpenArray AccuFill
instrument (Applied Biosystems) according to the manufacturer’s protocols.
Each subarray was loaded with 2.5 pl 2X GeneAmp Fast PCR master mix
(Applied Biosystems), 1 wl 5X TagMan OpenArray remix (Applied Biosys-
tems), 0.3 pl RNase-free water, and 1.2 pul cDNA. For the thermal cycling
protocol, the manufacturer’s default settings were used. mRNA levels were
normalized using 4 housekeeping genes, glucose-6-phosphate dehydroge-
nase (G6PD), 3,-microglobulin (B2M), DnaJ homolog subfamily A member
4 (DNAJA4), and B-actin (ACTB), after transforming the threshold cycle
(Cy) values into —ACy-values. The analysis was performed using R software.

The real-time PCR analyses whose results are presented in Fig. 8A were
performed as described previously (21). Total RNA was isolated from THP-1
cells using an RNeasy kit (Qiagen, Hombrechtikon, Switzerland). Reverse
transcription (RT) of 1 g of RNA was performed using an ImProm-II re-
verse transcription system kit (Promega, Diibendorf, Switzerland). Quanti-
tative PCR was performed with a 7500 Fast real-time PCR system (Applied
Biosystems, Rotkreuz, Switzerland) using the Power SYBR green PCR master
mix (Applied Biosystems). The following primers (5'-3" sense and antisense
primer sequences) were used for amplification: IFIT1 (TTGCCTGGATGTA
TTACCACand GCTTCTTGCAAATGTTCTCC), IFIT2 (ACAAGGCCATC
CACCACTTTAT and CCCAGCAATTCAGGTGTTAACA), CXCL10/IP-10
(CTGCTTTGGGGTTTATCAGA and CCACTGAAAGAATTTGGGC), IL-
29 (GGACGCCTTGGAAGAGTCAC and ACTAGAAGCCTCAGGTCCCA
ATTCTTC), STAT1 (AAGGGGCCATCACATTCACA and GATACTTCAG
GGGATTCTCT), and IRF7 (TGCAAGGTGTACTGGGAG and TCAAGCT
TCTGCTCCAGCTCCATAAG). All samples were tested in triplicate.
Amplifications consisted of a denaturation step at 95°C for 15 s and an an-
nealing/extension step at 60°C for 60 s with the 9600 emulation mode. For
each measurement, a standard made of successive dilutions of a reference
cDNA was processed in parallel. The level of expression of specific genes was
expressed relative to the level of expression of hypoxanthine phosphoribosyl-
transferase (HPRT) and is given in arbitrary units.

Western blot analysis. THP-1 cells were washed with ice-cold phos-
phate-buffered saline and lysed for 5 min at 4°C with the mammalian
protein extraction reagent (Pierce Biotechnology Inc., Rockford, IL). Re-
action mixtures were centrifuged for 5 min at 18,000 X g. The protein
concentration of the supernatants was determined using a bicinchoninic
acid protein assay (Pierce Biotechnology). Cell lysates were electropho-
resed through 12% (wt/vol) polyacrylamide gels and transferred onto
nitrocellulose membranes (Schleicher & Schuell, Keene, NH). Mem-
branes were incubated with antibodies directed against phospho-IRF3
(P-IRF3; Cell Signaling Technology, Danvers, TX), phospho-STAT1 (P-
STAT1) and total STAT1 (BD Biosciences), IRF7 (Zymed, San Francisco,
CA), and tubulin (Sigma-Aldrich). After they were washed, the mem-
branes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (Pierce). Signals were revealed using an ECL Western
blotting analysis system (GE Healthcare). Images were recorded using an
ImageQuant LAS 4000 system (GE Healthcare).
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Measurement of cytokine production. The concentrations of tumor
necrosis factor (TNF) and IL-6 were measured by bioassay (28), whereas
the concentrations of IL-1f (Bender MedSystems, Vienna, Austria), IL-8
(BD Biosciences), IFN-vy-induced protein 10 (IP-10) and macrophage
inflammatory protein la (MIP-1a) (R&D Systems) and the concentra-
tions of IFN-« and IFN- (PBL Biomedical Laboratories, Piscataway, NJ)
were measured by ELISA.

Mixed lymphocyte reactions. Human monocytes were infected for 18
h with NYVAC-C, NYVAC-C-ABI9R, or NYVAC-C-AB8RBI9R (MOIs,
0.1, 1, and 10). Supernatants were harvested and stored at —80°C until
measurement of IFN-a levels. After washing, 5 X 10° monocytes were
cocultured with allogeneic CD4™ T cells at five distinct monocyte/CD4*
T cell ratios (1/10, 1/20, 1/40, 1/80, 1/160) in a 96-well cell culture plate.
After 5 days, cell cultures were pulsed with [*H]thymidine (1.0 puCi per
well). Proliferation was monitored by measuring the level of thymidine
incorporation over 18 h.

Statistical analyses. Statistical analyses specific for gene expression
analysis were performed as described above in “Gene expression analysis.”
Comparisons among treatment groups were performed by two-tailed
paired Student’s ¢ test. P values of less than 0.05 were considered to indi-
cate statistical significance.

Microarray data accession number. The microarray data from this
study are available through the National Center for Biotechnology
Information Gene Expression Omnibus database under accession
number GSE65412.

RESULTS

Innate immune gene expression profiles induced by NYVAC-C
vaccine vectors in primary human monocytes. The gene expres-
sion profiles induced by NYVAC-C, NYVAC-C-ABI19R, and
NYVAC-C-AB8RBI9R in human primary monocytes 6 h after
infection were analyzed by use of a microarray. Relative to the
transcription profile of mock-infected monocytes, NYVAC-C and
NYVAC-C-AB19R induced the expression of 2,437 genes in com-
mon (fold change, >1.3; P < 0.05), while 1,757 and 110 genes
were differentially regulated uniquely by NYVAC-C and by
NYVAC-C-AB19R, respectively (Fig. 1A; see also Table S3 in the
supplemental material). Comparison of NYVAC-C and NYVAC-
C-AB8RBI19R revealed that they altered the expression of 3,429
common genes, while the expression of 765 and 342 genes was
induced uniquely by NYVAC-C and by NYVAC-C-ABSRBI9R,
respectively (Fig. 1C; see also Table $4 in the supplemental mate-
rial). Relative to the genes whose expression was induced by
NYVAC-C, NYVAC-C-ABI9R and NYVAC-C-AB8RBIIR in-
duced the expression of 25 common genes, whereas 570 and 5
genes were induced uniquely by NYVAC-C-AB19R and NYVAC-
C-AB8RBI9R, respectively (Fig. 1E; see also Table S5 in the sup-
plemental material). These results demonstrate that NYVAC-C-
AB8RBI9R shares a significantly higher number of differentially
induced genes with NYVAC-C than with NYVAC-C-AB19R.

We then compared the transcription profiles of monocytes
infected with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-
AB8RB19R using fold change scatter plots, as depicted in Fig. 1D
to F. Genes falling on the identity line were expressed at similar
levels by both vectors in primary monocytes. Both NYVAC-C-
AB19R and NYVAC-C-AB8RB19R induced a gene expression sig-
nature that was highly correlated to that induced by NYVAC-C
(r = 0.93 for NYVAC-C-ABI9R, r = 0.96 for NYVAC-C-
AB8RB19R) (Fig. 1B and D). Comparison of the gene expression
signatures induced by NYVAC-C-AB19R and NYVAC-C-
AB8RBI9R relative to the signature induced by NYVAC-C
showed that the overlap in gene expression was significantly lower
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FIG 1 Venn diagrams and scatter plots of fold changes in expression of genes differentially induced by NYVAC-C, NYVAC-C-AB19R, and NYVAC-C-
AB8RBI19R in human monocytes. Venn diagrams (A, C, and E) depicting the number of genes differentially induced (fold change, >1.3; adjusted P value, <0.1)
and scatter plots (B, D, and F) depicting fold changes in gene expression in human primary monocytes infected for 6 h with NYVAC-C, NYVAC-C-AB19R, or
NYVAC-C-AB8RB19R (MO, 5) relative to the levels of gene expression in control cells consisting of either mock-infected monocytes or monocytes infected with
NYVAC-C. (A and B) Gene expression in NYVAC-C- versus NYVAC-C-AB19R-infected cells (MOL, 5) relative to that in mock-infected cell cultures; (C and D)
gene expression in NYVAC-C-AB19R- versus NYVAC-C-AB8RB19R-infected cells (MOI, 5) relative to that in mock-infected cell cultures; (E and F) gene
expression in NYVAC-C-AB19R- versus NYVAC-C-AB8RB19R-infected cells (MO], 5) relative to that in NYVAC-C-infected cells. In the fold change scatter
plots, the genes falling on the identity line (dark gray line) exhibited similar levels of expression in both systems. A loess curve (dashed blue line) was used to infer
the local trend between the two systems. IFN-dependent genes differentially expressed in at least one comparison are highlighted in red. Solid lines indicate
absolute 2-fold changes. The x and y axes in the scatter plots show the log,(FC) in the level of gene expression after 6 h of stimulation with NYVAC-C,
NYVAC-C-AB19R, or NYVAC-C-AB8RB19R.

(r = 0.49) than that when the gene expression signatures induced
by NYVAC-C-ABI9R and NYVAC-C-AB8RBI9R were com-
pared to the gene expression signature for mock-infected cells
(Fig. 1F). Figure 1B shows genes whose expression was induced by
NYVAC-C and NYVAC-C-ABI9R relative to those whose expres-
sion was induced in mock-infected cells, with IFN-dependent
genes being highlighted in red. The genes induced by NYVAC-C-
ABI19R included those for antiviral effector molecules, mostly
IFN-stimulated genes (ISGs), such as genes for IFIT1, IFIT2,

3822 jviasm.org
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IFIT3, ISG15, MX1, MX2, IFI44, IFIT44L, STATI1, OAS2,
CXCL10, IFITM3, and the transcription factor IRF9. While
NYVAC-C did not induce any ISGs, it triggered the expression
of several proinflammatory cytokines (IL-1A, IL-1B, IL-6, IL-8,
TNF, tumor necrosis factor receptor superfamily 4 [TNFRSF4])
and chemokines (CXCL1, CCL20, CXCL2) that were not induced
by NYVAC-C-AB19R (a full list of genes is provided in Table S6 in
the supplemental material).

Comparative analysis of the genes induced by NYVAC-C and
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NYVAC-C-AB8RBI19R relative to the genes induced in mock-in-
fected cells indicated that while both vectors induced the expres-
sion of a highly overlapping set of genes, including those for pro-
inflammatory cytokines (IL-1A, IL-1B, IL-6, IL-8, TNF), only
NYVAC-C-AB8RBI19R induced the expression of several ISGs,
including MX1, MX2, OAS2, IFlI6, IFIT1, IFIT2, IFIT3, ISG15,
IFI44, and IFI44L (Fig. 1D; see also Table S7 in the supplemental
material). Finally, scatter plot analysis of the genes induced by
NYVAC-C-ABI9R and NYVAC-C-AB8RB19R relative to those
induced by NYVAC-C confirmed that although NYVAC-C-
AB19R and NYVAC-C-AB8RBI9R shared the upregulation of
many ISGs, their global gene expression profiles remained very
distinct (r = 0.43) (Fig. 1F), as illustrated in the Venn diagram in
Fig. 1E (see also Table S8 in the supplemental material).

To validate the gene expression findings, we next quantified
with the OpenArray real-time PCR platform the expression of 112
genes (see Table S2 in the supplemental material) selected from
among those involved in various signaling pathways in monocytes
stimulated with NYVAC-C, NYVAC-C-ABI19R, or NYVAC-C-
AB8RBI9R (Fig. 2). The OpenArray data confirmed the expres-
sion trends for most of the genes, as shown by the overall agree-
ment between the fold change in the levels of gene expression
induced by NYVAC-C (r = 0.48; Fig. 2A), NYVAC-C-ABI19R (r =
0.65; Fig. 2B), and NYVAC-C-AB8RB19R (r = 0.52; Fig. 2C) in
human monocytes relative to the levels of expression in mock-
infected monocytes obtained from the Illumina microarrays and
from the OpenArray real-time PCR. Overall, these data highlight
the fact that while both NYVAC-C-AB19R and NYVAC-C-
AB8RBI19R induced the expression of type I and type II IFNs and
IEN-inducible genes, only NYVAC-CAB8RBI19R was capable of
inducing the activation of proinflammatory cytokines.

Pathway analysis reveals distinct innate immune responses
induced by NYVAC-C-AB19R and by NYVAC-C-ABSRBI9R.
We next defined the molecular and functional pathways induced
by the different NYVAC mutants and compared the patterns of
pathway enrichment observed 6 h after infection in human pri-
mary monocytes. Enrichment was performed using the list of
genes differentially expressed after NYVAC-C-AB8RB19R infec-
tion, which was compared to the list of genes induced by NYVAC-
C-AB19R (Fig. 3). A full list of genes is provided in Table S8 in
the supplemental material. Compared to the genes induced by
NYVAC-C-AB19R, NYVAC-C-AB8RB19R induced the coordi-
nate upregulation of several innate immune response pathways,
including TREM1 signaling, dendritic cell maturation, IL-8 sig-
naling, cross talk between dendritic cells and NK cells, and NF-«kB
signaling. These pathways comprised several antiviral molecules
(MX1, OAS2, IFIT3, IFITM1) and proinflammatory cytokines
(IL-6, IL-8, TNF) and chemokines (CCL3) of the innate immune
response. Interestingly, the inflammasome pathway was also acti-
vated by NYVAC-C-AB8RB19R, as illustrated by the upregulation
of genes belonging to the inflammasome molecular signature
(IL-1A, IL-1B, and CASP1) (Fig. 3). The pathway regulating the
cross talk between innate and adaptive immune cells was further
identified to be a molecular signature induced by NYVAC-C-
ABSRBI9R, with the expression of cell surface receptors that en-
hance T cell activation, such as CD40 (binding CD40L), CD86,
CD58 (ligand for the T cell costimulatory molecule CD2), and
HLA-DMA and HLA-DMB (both of which are involved in anti-
gen presentation by major histocompatibility complex class II
molecules) (Fig. 3). Transcription factors and critical intermedi-
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ates of the NF-«B signaling pathway (namely, NF-kB1, RELB,
TRAF1, TBK1, and TANK) or of the JAK-STAT pathway down-
stream of cytokine receptors (STAT4), all of which positively reg-
ulate inflammation, were also induced by NYVAC-C-ABS8RB19R.
Finally, NYVAC-C-AB8RBI9R induced the expression of CD83,
suggesting that this vector could promote the maturation of
monocytes to dendritic cells through the upregulation of CD83
and proinflammatory cytokines (29). Altogether, these data dem-
onstrate that the deletion of type I and type IT IFN-binding mole-
cules from NYVAC-C led not only to the restoration of IFN sig-
naling pathways but also to the activation of various innate
immune pathways that should contribute to a strong adaptive
immune response.

Differential expression of type I and type II IFN-stimu-
lated genes in monocytes infected with NYVAC-C-AB19R or
NYVAC-C-AB8RB19R. Given the importance of type I and type
II IFNs in the antiviral response and the significant induction of
genes belonging to the IFN signaling pathways and of ISGs in the
gene array profiling, we next performed a gene expression heat
map of ISGs differentially expressed by primary monocytes
infected with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-
AB8RBI9R relative to their expression in mock-infected mono-
cytes (Fig. 4A to C). To do this, we applied type I (IFN-«) and type
II (IEN-v) filters to determine the IFN responses that were either
unique to or shared between NYVAC-C, NYVAC-C-AB19R, and
NYVAC-C-AB8RB19R with the specific aim to correlate the IFN-
related mutations of the vectors with a specific IFN response.

By applying a type I (IFN-a) filter, we observed that the results
for NYVAC-C-ABI9R and NYVAC-C-AB8RBI19R clustered to-
gether, inducing the increased expression of type I IFN-dependent
genes known to exhibit antiviral functions (IRF7, ISG15, 1SG20,
IFIT1, 1F144, IFITM1, EIF2AK2, MXI1, MX2, OAS1, OAS2,
STAT?2) (Fig. 4A). Interestingly, induction of expression of a small
cluster of IFN-a-filtered genes was not shared by NYVAC-C-
AB19R and NYVAC-C-AB8RB19R but was common to NYVAC-
C and NYVAC-C-AB8RBI9R. This cluster mostly comprised
proinflammatory genes (such as IL-6 and PLAU) and DUSP5,
which are considered to be involved in the type I IFN-associated
acute-phase response and suggested that there were two different
IFN signatures induced by NYVAC-C-ABI9R and NYVAC-C-
AB8RBI9R.

The second IFN signature was better delineated after applying
an IFN-v filter (Fig. 4B). Indeed, the clustering of IFN-y-related
genes led to a clustering different from that observed with the
IFN-a filter. NYVAC-C-AB19R and NYVAC-C-AB8RBI9R clus-
tered together through the coordinated expression of IFN-+y-re-
lated or associated genes, such as IRF1 and IRFS, as well as proin-
flammatory mediators (IL-1A, IL-1B, and TNFAIP2), effector
molecules (GBP1, GBP2, and GADD45B), and an adhesion mol-
ecule (ICAM-1) (Fig. 4B). Of note, CXCL10, a proinflammatory
IFN-mediated chemokine with a dual function in regulating both
innate and adaptive immunity, did not belong to this cluster and
was also induced by both NYVAC-C and NYVAC-C-AB8RBI9R
(30). Finally, we determined the expression of genes induced by
NYVAC-C, NYVAC-C-ABI19R, and NYVAC-C-AB8RBI9R after
both IFN-a and IFN-v filtering (Fig. 4C). Again, NYVAC-C-
ABI19R and NYVAC-C-AB8RBIIR clustered together, given their
high levels of induction of type I IFN-dependent genes. Confirm-
ing our earlier results, proinflammatory genes, such as CCL8 and
TNESF10, were induced by both NYVAC-C-ABI9R and NYVAC-
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FIG 2 Gene expression values from the Illumina BeadArrays plotted against the OpenArray real-time PCR —AC;; values for each target gene. Scatter plots

comparing the fold change in gene expression between the Illumina microarrays a

nd OpenArray real-time PCR (OA) in human primary monocytes infected for

6 hwith NYVAC-C (A), NYVAC-C-ABI19R (B), and NYVAC-C-AB8RBI9R (C) relative to the levels of expression in mock-infected cells are shown. PCR targets
were mapped to the BeadArray probes by matching the official gene symbols. The correlations indicated are the sample Pearson correlation coefficients.

C-AB8RBI9R, whereas CASP1 was induced by both NYVAC-C
and NYVAC-C-AB8RBI19R but not by NYVAC-C-AB19R (Fig.
4C). Overall, these results demonstrate that both NYVAC-C-
AB19R and NYVAC-C-AB8RBIIR triggered a robust type I [FN
gene response, but only NYVAC-C-AB8RB19R was capable of
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inducing the expression of cytokines, notably, cytokines associ-
ated with the inflammasome pathway.

Network analysis shows differential induction of IFNs and pro-
inflammatory pathways in monocytes infected with NYVAC-C-
AB19R and NYVAC-C-AB8RB19R. We next performed network
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FIG 3 Comparison of the patterns of pathway enrichment in monocytes infected with NYVAC-C-AB8RB19R and monocytes infected with NYVAC-C-ABI9R.
The pathways and genes induced in human primary monocytes infected for 6 h with NYVAC-C-AB8RBI9R relative to those induced in human primary
monocytes infected with NYVAC-C-AB19R are shown. Each row is an upregulated canonical innate immune pathway (Ingenuity software); each column
represents an upregulated (red) or downregulated (blue) gene involved in one or more regulated pathways. The overrepresentation test was performed using
Fisher’s exact test, and the statistical significance, displayed on the right y axis, was achieved for P values of <0.05 [ —log(P) > 1.3]. TNFR2, TNF receptor 2; DCs,

dendritic cells; Com., communication; Inn., innate; Adap., adaptive; cAMP, cyclic AMP; G-alphagq signaling, G protein-alphaq signaling.

inference analysis of the genes and canonical pathways induced by
the different poxvirus vectors to confirm the coordinated interac-
tion between these genes in immunologically relevant biological
pathways (Fig. 5). Top network analysis showed that proinflam-
matory cytokines, such as TNF, were downregulated by NYVAC-
C-ABI9R compared to the level of expression after infection with
NYVAC-C (Fig. 5A). The downregulation of TNF was correlated
to the downregulation of the NF-kB transcriptional network (NF-
kB1, NF-kB2, IkB, RELA, RELB) and the signal transduction ma-
chinery that regulates these transcription factors (TANK, TBKI,
TRAF2) (Fig. 5B and data not shown). The decreased expression
of these transcription factors most likely resulted in the down-
regulation of several proinflammatory cytokines, including IL-1
and IL-6 (Fig. 5A and B). Cell surface molecules (TNFRSF18/
GITR, TNFRSF10B/TRAIL) of ligands or receptors that control T
cell activation were also downregulated upon infection of mono-
cytes with NYVAC-C-AB19R (data not shown). Interestingly,
KMO, which negatively regulates NF-kB-induced inflammation,
was downregulated by NYVAC-C-ABI9R (Fig. 5A). This feedback
loop is not supposed to be required, since the levels of expression
of both TNF and NF-«B were decreased after NYVAC-C-AB19R
infection (Fig. 5A). Network analysis of genes upregulated by
NYVAC-C-AB8RBI9R compared to their levels of expression af-
ter infection with NYVAC-C confirmed the importance of type I
IFNs with IRF7, a master regulator gene of the type I interferon
pathway, which is the central node of this network (Fig. 5C). As
expected, increased levels of IRF7 resulted in the upregulation of
several antiviral ISGs (MX1, ISG15, OAS2, IFIT1, IFIT2, IFIT3,
IFI44) as well as chemokines (data not shown) typical of the pri-
mary antiviral response. We also observed an upregulation of X-
linked inhibitor of apoptosis (XIAP)-associated factor 1 (XAF1),a
gene downstream of the genes for type I IFNs and TNF in cells
infected with NYVAC-C-AB8RBI9R (Fig. 5C) (31). XAF-1 inhib-
its XIAPs, thereby promoting apoptosis of infected cells and, po-
tentially, cross priming (Fig. 5C) (32). Direct comparison of
NYVAC-C-AB8RB19R and NYVAC-C-AB19R further high-
lighted their differences (Fig. 5D and E). The top two networks
that received a high score by IPA confirmed that NYVAC-C-
AB8RB19R upregulated IFN-dependent genes (Fig. 5E), TNF, and
downstream targets, such as IL-1 and IL-6, compared to their
levels of expression in cells infected with NYVAC-C-ABI9R
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(Fig. 5D). Thus, as was observed in Fig. 1, NYVAC-C-AB19R and
NYVAC-C-AB8RB19R exerted very distinct effects on transcrip-
tional and signal transduction networks. NYVAC-C-AB19R induced
only type I IEN responses, while NYVAC-C-AB8RBI9R induced a
more complex response that integrated type I IFNs, inflammatory
cytokines, and the inflammasome signaling pathways.

NYVAC-C-AB8RBI19R induces the robust production of
proinflammatory mediators in primary monocytes and acti-
vates IRF and STAT1 signaling pathways. To further validate the
microarray profiling and RT-PCR data, we next measured the
production of proinflammatory cytokines, chemokines, and type
I IENs in primary monocytes infected for 24 h with NYVAC-C,
NYVAC-C-AB19R, or NYVAC-C-AB8RBI9R. Consistent with
our previous observations (21), primary human monocytes in-
fected with NYVAC-C-ABI9R or NYVAC-C-AB8RBI9R pro-
duced higher levels of IFN-a, IFN-3, and IP-10 than primary hu-
man monocytes infected with NYVAC-C (Fig. 6). Interestingly,
NYVAC-C-AB8RB19R was a more potent inducer of type I IFNSs,
TNF, IL-1B, IL-6, and IL-8 than NYVAC-C and NYVAC-C-
AB19R (Fig. 6). Sensing of NYVAC by macrophages relies on
TLR2-TLR6-MyD88 and MDA-5-IPS-1, which play critical roles
in the production of IFN-f and IFN-B-dependent chemokines
(21).

Given that NYVAC-C-AB8RB19R stimulated powerful type I
IFN and chemokine gene expression, we analyzed in more detail
the signal transduction pathways and transcription factors impli-
cated in the production of these mediators in THP-1 cells. We
focused on phospho-IRF3 (P-IRF3), which is essential for tran-
scription of the IFNB gene, and IRF7 and phospho-STAT1 (P-
STAT1), which are critical for the transcriptional activation of
IFN-B-dependent genes. In line with our previous observations,
NYVAC-C induced only a very weak induction of P-IRF3, IRF7,
and P-STAT1. In contrast, NYVAC-C-AB19R and NYVAC-C-
AB8RBI19R induced much stronger P-IRF3, IRF7, and P-STAT1
signals than NYVAC-C (Fig. 7). Thus, NYVAC-C-AB8RB19R in-
duced robust intracellular signaling (i.e., signaling of NF-kB,
IRF3,IRF7, and STAT1) in the human THP-1 monocytic cell line.

These results confirm that NYVAC-C-AB19R and NYVAC-C-
AB8RB19R induce more powerful type I IFN and IFN-dependent
chemokine production than NYVAC-C. Moreover, NYVAC-C-
AB8RBI19R was the only poxvirus vector capable of inducing a

jviasm.org 3825

INNVSNVY1 40 ALISHAAINN Ag STOZ ‘LT Ydse uo /Bio wse IAlj/:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Delaloye et al.

\
UN%?fm NYVAC-C 6h &voe
AL 2 MNYVAG-C-AB19R 6h
HLA-DOA NYVAC-C-ABBRB19R 6h
LR7
SCARB2 CKB
oo 1 EEE AL
BAG1 SR
CHKA 1
LGALS2 RYB
1 0
B W DAB2 L8
MAP2KS
DYNLT1 LIMK2
P! 1
el » W GBP1
B et
.. IFIT1 MS4A7
UBEaL 5 W IL1A
El4eNIF1
MYGDBS iR
STAT2 LAIR2
TRIM21
EIF2B1 CAM1
W LGALSO L
BARD1
M IFITM1
KLF6
CD69 D3
FOLR2
PLSCR1
mmE isG20
| | |RF7
CBR1 GPR183
IFITS _| KLF2
HLA-DRB5 SLC1AS
W ISGT5 Acty
TE . =
PML
N IFl44 I CAMK1
ASPH DNMT1
s FRAT2
; i
8§?PL1A UHRF1BP1
HEOhe RPS29
IFI35 CLECT0A
DAR W C5ART
SP110 NN HMOX1
Rt 2 KLoXs
CCNAT W IFNGR1
LAMP3
N PMAIP1
MGLL
W mPLAU
W6
W DUSP5
MATK
MCL1

DLL1
POLR2E
WM S100A8
STAP1
[ ] CD798B
| SIT1

4
4 NYVAC-C 6h
B NYVAC-C-AB19R 6h
NYVAC-C-AB8RB19R 6h

| ] CCL8 NYVAC-C 6h

- R(;ISR1A B NYVAC-C-AB19R 6h
STAT1 NYVAC-C-AB8RB19R 6h
HG
TNFSF10 2
GCNT1

SPARC
VAMP5
FOLR3
0 GLB1 0
MXD4
PTGFRN
L 1] CEBPA

2 | ] APOC1
- LB | CD4 -2

INPPL1
OASS

i TeNz
L 1] ATF3 -
SP100
PHLDA1
Ll GPR1OQB

JUP
. NN NAMPT

MSR1
BBC3
M STX11
W ACSL1
W CXCL2
PTK7
/M W GCH1
UBE3A
NR3C1
NN CDKN1A
PDGFB
SOCS1
EDN1
W W CASP1
IL10

CXCL3

FIG 4 Heat map of IFN-filtered genes differentially expressed in human monocytes infected with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-ABS8RBI9R.
Human primary monocytes were infected for 6 h with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-AB8RB19R (MO], 5). The heat map depicts differential ISG
expression, reported as the average fold change in gene expression relative to the levels of expression in mock-infected monocytes. The genes were immune
filtered using three lists of IFN genes: IFN-a genes (A), IEN-+y genes (B), and genes common to both IFN-a and IFN-y (C). The genes selected are the top genes
significantly expressed in at least one contrast following an analysis of variance F test and selected to be differentially expressed on a fold change basis of up- or
downregulation of 1.3-fold and an adjusted P value of <0.1. The color legend indicates fold changes over the levels of expression in mock-infected cells, and the

fold changes are expressed on a log, scale, where red and blue correspond to up-

vigorous proinflammatory cytokine response, characterized by
the release of high levels of TNF, IL-1p3, IL-6, and IL-8.

Type I IFNs are key modulators of the increased immunoge-
nicity induced by NYVAC-C-AB8RB19R. To confirm the hy-
pothesis that the improved immunogenic profile of NYVAC-C-
AB8RB19R was mediated by type I IFNs, human THP-1 cells were
pretreated with anti-IFN-a and anti-IFN-@ antibodies 1 h prior
to infection with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-
AB8RBI19. Gene expression was analyzed at 3 h postinfection.
Neutralization of IFN-a/ resulted in a statistically significant re-
duction in the levels of expression of ISGs (IFIT1, IFIT2), IFN-
dependent chemokines (CXCL10/IP-10), and type IIT IFN (IL-29)
to levels close to those triggered by NYVAC-C (Fig. 8A). The levels
of transcription factors implicated either in the regulation of IFN
transcription (IRF7) or in IFN signaling pathways (STAT1) were
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Journal of Virology

and downregulation, respectively.

also reduced following IFN-a/f blockade (Fig. 8A). Moreover,
when IFN-a/f was blocked, a significant decrease in the produc-
tion of IFN-B and CXCL10/IP-10 was observed in human THP-1
cells infected with NYVAC-C-AB19R and NYVAC-C-AB8RBI9R
(Fig. 8B). Overall, these results argue in favor of a critical role for
type I IFNs as master regulators of multiple aspects of the innate
immune response induced by NYVAC-C-AB19R and NYVAC-C-
AB8RBI9.

Monocytes infected with NYVAC-C-AB8RB19R induce a
strong proliferation of allogeneic CD4™ T cells. We next inves-
tigated whether the improved innate immune responses induced
by the deletion mutants compared with those induced by the pa-
rental NYVAC-C vaccine vectors translated into improved adap-
tive immune responses. This question was examined using a clas-
sical T cell proliferation assay in which human monocytes were
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FIG 5 Gene interaction networks differentially induced with NYVAC-C-AB19R and NYVAC-C-AB8RB19R in human monocytes. Human primary monocytes
were infected for 6 h with NYVAC-C, NYVAC-C-ABI9R, or NYVAC-C-AB8RBI9R (MO, 5). Gene interaction networks were built on the basis of genes
differentially induced by NYVAC-C-AB19R (A, B) and NYVAC-C-AB8RBI19R (C) relative to their levels of expression in cells infected with NYVAC-C or
differentially induced by NYVAC-C-AB8RB19R relative to their levels of expression in cells infected with NYVAC-C-AB19R (D, E) by using the Ingenuity
Pathways Knowledge Base (IPKB). Genes are highlighted in red (upregulation) or green (downregulation), and node properties are indicated by shape, as
indicated in the legends. Interactions between the different nodes are given as solid (direct interaction) and dashed (indirect interaction) lines (edges), with
various colors used for the different interaction types. The networks are the results of merging of the top two networks that received a high score by IPA.

infected for 18 h with NYVAC-C, NYVAC-C-ABI9R, or NYVAC-
C-AB8RBI9R and then cocultured for 5 days with allogeneic
CD4" T cells. As shown in Fig. 9A, monocytes infected with
NYVAC-C-AB8RBI9R induced the stronger proliferation of na-
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ive CD4" T cells than monocytes infected with NYVAC-C and
NYVAC-C-ABI19R. Interestingly, the concentrations of IFN-a
and IFN-B produced by monocytes after poxvirus infection cor-
related with the proliferation of CD4™ T cells (data not shown).
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FIG 6 Type I interferons, cytokines, and chemokines released by human
monocytes infected with NYVAC-C, NYVAC-C-AB19R, and NYVAC-C-
AB8RB19R. Monocytes from healthy volunteers were infected for 24 h with
NYVAC-C, NYVAC-ABI9R, or NYVAC-CAB8RBI19R, and the concentra-
tions of IFN-a, IFN-, CXCL10/IP-10, TNF, IL-1B, and IL-6 were measured
in cell culture supernatants. Box plots of three separate experiments including
a total of eight subjects are shown. Data points are means for duplicate or
triplicate samples per subject. Bottom, median, and top lines, 25th, 50th, and
75th percentiles, respectively; vertical lines with whiskers, the range of values.

This led us to determine whether the increased proliferation was
driven by type I IFNs. Human monocytes were pretreated with
an anti-IFN-a and anti-IFN-f antibody before exposure to
NYVAC-C, NYVAC-C-AB8RBI9R, or NYVAC-C-AB8RBI9R
and were then cocultured with allogeneic naive CD4 ™ T cells for 5
days. As shown in Fig. 9B, blockage of IFN-a/f markedly reduced
the rate of proliferation of CD4™ T cells cocultured with NYVAC-
C-AB19R- or NYVAC-C-AB8RB19R-infected monocytes.

The microarray data revealed an enhanced expression of the
inflammasome pathways in human monocytes infected by
NYVAC-C-AB8RBI9R. Given the roles played by NOD-like re-
ceptors (NLRs) and the inflammasomes in the host antiviral de-
fense response (33), we sought to determine whether the increased
proliferation rate could also be dependent upon IL-1$3 produc-

Control NYVAC NYVAC NYVAC
-C -C -C
AB19R AB8RB19R

- - -IP-IRF3

— — — | IRF7

- - | P-STAT1

| =2 — oD -ITUBUUN

- | STATH

FIG 7 NYVAC-C-AB19R and NYVAC-C-AB8RBI9R activate IRF3, IRF7,
and STAT1 transcription factors. Cytosolic extracts were obtained from
THP-1 cells infected for 6 h with NYVAC-C, NYVAC-C-AB19R, or NYVAC-
C-AB8RBI9R (MOYI, 5). The expression of P-IRF3, IRF7, P-STAT1, STATI,
and tubulin was analyzed by Western blotting. Results are representative of
those from three independent experiments.
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FIG 8 Expression of chemokines and transcription factors induced by
NYVAC-C-AB8RBI9R in human monocytic cells is type I IFN dependent.
Human THP-1 monocytic cells were preincubated for 1 h with control or
anti-IFN-a/B antibody (10 pg/ml) and then stimulated for 3 h with
NYVAC-C, NYVAC-C-AB19R, and NYVAC-C-ABS8RBI9R (MO], 5). (A)
Gene expression levels were analyzed by RT-PCR, and the results are expressed
as the ratio of gene to HPRT mRNA levels. A.U., arbitrary units. (B) Cell-free
supernatants were collected after 24 h to quantify the concentrations of IFN-3
and CXCL10/IP-10. Data are means = SDs for triplicate samples from one
experiment and are representative of those from three independent experi-
ments. ¥, P < 0.05 for anti-IFN-a/[3 versus control antibody.

tion. As shown in Fig. 9C, blockage of IL-1{ activity with IL-1ra,
an antagonist of the type I IL-1 receptor, markedly reduced the
rate of proliferation of CD4" T cells cocultured with monocytes
infected with NYVAC-C-AB8RB19R, suggesting that activation
of the inflammasome leading to IL-1f played an active role in the
enhanced immunogenic profile of NYVAC-C-AB8RB19R. Col-
lectively, these results showed that monocytes infected with
NYVAC-C-ABSRBI19R induce a strong proliferative CD4 " T cell
response in a type I [FN- and IL-1-dependent manner.

DISCUSSION

Deletion of a single gene (BI9R) or two genes (B8R and BI9R)
encoding proteins acting as antagonists of type I and type II IFN-
mediated antiviral host defenses resulted in a striking enhance-
ment of the immunogenic properties of a NYVAC vaccine vector.
Systems biology analyses revealed that deletion of BI9R, a type I
IFN-binding protein, resulted in markedly enhanced innate im-
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FIG 9 Type 1 IFN- and IL-1-dependent induction of allogeneic CD4™ T cell response by primary monocytes infected with NYVAC-C-AB8RB19R. Primary
human monocytes were infected for 18 h with NYVAC-C, NYVAC-C-AB19R, or NYVAC-C-AB8RBI19R (MO], 1) in the absence (A) or in the presence (B, C)
of control, anti-IFN-a/B (B), or IL-1ra (C) antibody (10 pg/ml). Monocytes were collected, washed, and added to CD4 ™ T cells at monocyte/CD4 ™" T cell ratios
ranging from 1/10 to 1/160 (A) or at a fixed 1/10 ratio (B, C). After 5 days, T cell proliferation was analyzed by measurement of the level of thymidine
incorporation. Data are means = SDs for triplicate samples from one experiment and are representative of those from two separate experiments. *, P < 0.05 for

mutant versus wild-type NYVAC-C.

mune responses of monocytes, characterized by the upregulated
expression of IRF7 and STAT1 and the robust production of type
I IFNs and of ISGs whose expression was inhibited by anti-type I
IEN antibodies. Infection of monocytes with an NYVAC vector
with combined deletion of type I and type I IFN-binding proteins
(NYVAC-C-AB8RBI9R) resulted in higher levels of expression of
IRF7 and STAT1, more type I IFN production, and the much
broader upregulation of ISGs. Furthermore, in sharp contrast to
the findings for the single deletion mutant, the double deletion
mutant also induced a prominent proinflammatory cytokine re-
sponse (TNF, IL-6, and IL-8) and strong activation of canonical
inflammasomes (caspase-1 and IL-13).

Type I IFNs may be induced in an autocrine manner via a
feed-forward loop mediated by proinflammatory cytokines, such
as TNF, which have been shown to be strongly upregulated by
NYVAC-C-AB8RBI19R (34, 35). Indeed, the burst of proinflam-
matory cytokines was a striking characteristic of the immune pro-
file induced by the double mutant, underscored by the critical role
played by NF-kB signaling and TNF as the top two gene expres-
sion nodes identified by network interference analyses. Until now,
the B19 and B8 poxvirus proteins were considered to act as soluble
decoy IFN receptors interfering with the binding of type I and type
II IFNSs to their cognate receptors (36—42). Alternatively, the pres-
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ent findings may indicate that the B19 and B8 poxvirus proteins
exhibit other IFN-modulating properties. The fact that the expres-
sion of IFN-a and IFN-3 was markedly upregulated upon infec-
tion of monocytes with NYVAC-C-AB19R and NYVAC-C-
AB8RBI19R suggests that the B19 and B8 proteins also interfere
with innate immune sensing of poxviruses or downstream signal
transduction pathways leading to the production of type I IFNs.
Indeed, IRF3 and IRF7, two critical transcription factors regulat-
ing the expression of type I IFNs, were found to be strongly up-
regulated by cells infected with NYVAC-C-ABI9R and NYVAC-
C-AB8RB19R. Neither the single nor the double mutant impacted
the levels of pattern recognition receptors implicated in the sens-
ing of NYVAC, such as TLRs, RIG-I, and MDA5 (21, 42). Of note,
all experiments were performed with human macrophages. We
therefore do not know whether these observations also pertain to
additional targets of poxviruses, such as other antigen-presenting
cells (i.e., dendritic cells or B cells) or to activated T cells, yet,
consistent with our findings, Quakkelaar et al. reported that dele-
tion of the gene for the BI9R protein in NYVAC-C enhanced type
I IFN production and the expression of ISGs in conventional and
plasmacytoid dendritic cells (43).

Another salient feature of the immunogenicity stimulated by
NYVAC-C-AB8RBI9R in monocytes was the upregulation of a
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canonical inflammasome response with the production of high
levels of caspase-1 and IL-1B. The NLRP1, NLRP3, NLRC4,
AIM2, and RIG-I/MDAS5 inflammasomes have been implicated in
numerous host antiviral defensive responses (21, 44-48). With
respect to poxviruses we have shown previously that MVA and
NYVAC activate the NLRP3 inflammasome (21). Other investi-
gators have also demonstrated a role for the NLRP3 and AIM2
inflammasomes in the recognition of encephalomyocarditis virus
16 and vaccinia virus, respectively (48, 49). The presence of mul-
tiple inhibitors of ASC, caspase-1, IL-1(3, or IL-18, including ho-
mologues of serpin-like protease inhibitors like SPI-2/CrmA or
Serp2 targeting caspase-1, in the genome of poxviruses empha-
sizes the importance of the inflammasome pathway in antiviral
immunity (50, 51).

The differential expression of the inflammasome signature by
NYVAC-C-AB19R and by NYVAC-C-AB8RBI19R is explained at
least in part by the opposite effects of the type I and type IT IFNs at
the level of the activation of inflammasomes. The downregulation
of caspase-1 and IL-18 by NYVAC-C-ABI9R was most likely
caused by the enhanced production of type I IFNs, shown previ-
ously to inhibit IL-18 production in macrophages. This inhibition
resulted in the repression of NLRP1 and NLRP3 expression by
type I IFNs in, on the one hand, a STAT1-dependent manner and,
on the other hand, via an autocrine, STAT3-dependent inhibitory
effect of IL-10 (52). IFN-f3 has also been shown to suppress the
activation of the NLRP3 inflammasome in macrophages via the
successive engagement of SOCS-1, Vav1, and the Rho GTPase Rac
1 and the generation of reactive oxygen species (53). Moreover,
IFI16, a type I IFN-inducible protein, suppressed caspase-1 acti-
vation by the NLRP3 and AIM2 inflammasomes in THP-1 mono-
cytes (54), whereas the caspase-1 activity induced by vaccinia virus
was restored when IFI16 was knocked down in endothelial cells
(55). Our data also support the fact that the upregulation of
caspase-1 and IL-1B in NYVAC-C-AB8RBI9R-treated mono-
cytes might be mediated by the counterregulatory effects of type II
IFNs on the activity of inflammasomes. Indeed, IFN-vy enhanced
the expression of caspase-1 and AIM2 in THP-1 cells (55). Al-
though the role of type IT IFNs in IL-1{ regulation remains con-
troversial, recent evidence suggests that it could promote IL-1f3
production by human cells (56). Given the important role played
by the NF-kB pathway and TNF in the activation of NLRP3 in-
flammasomes (57, 58), part of the inflammasome-activating ca-
pacity of NYVAC-C-AB8RB19R may be due to its action on the
NE-kB pathway and to the upregulation of TNF. Consistent with
this hypothesis, activation of dendritic cells with vaccinia virus or
double-stranded DNA induced the production of IL-1{ via the
successive activation of the DNA sensor Rad50, CARD?Y, and the
NE-kB pathway (59).

Monocytes infected with NYVAC-C-ABS8RBI9R induced a
stronger type I IFN-dependent and IL-1-dependent allogeneic
CD4™" T cell response than monocytes infected with NYVAC-C or
NYVAC-C-ABI19R, suggesting a potential synergism between
IL-1B and type I IFNs in the regulation of the adaptive immune
response induced by NYVAC. Interestingly, CD4™ T cell activa-
tion by R848 has been shown to be mediated by the combination
of type I IFNs and IL- 18 in cocultures of dendritic cells and CD4™
T cells (60). Moreover, synergistic interactions between IL-13 and
type I IFNs limited virus replication in a West Nile virus infection
model (61). Double deletion of the genes for B19R and B8R in
NYVAC may thus affect a complex regulatory loop controlled by
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IFNs and IL-1pB, resulting in an enhanced immunogenic profile.
Of note, the improved immunogenicity revealed by use of the
systems biology approach is well in line with the enhanced immu-
nogenicity data (i.e., CD8* T cell-adaptive immune response) ob-
tained in mice immunized with a DNA prime/NYVAC-C boost
regimen using mutants with single or double B8R and B19R dele-
tions in NYVAC-C expressing the HIV-1 Env, Gag, Pol, and Nef
antigens (20, 22).

Type I IFNs play a crucial role in the host innate and adaptive
immune responses against viruses. However, chronic type I IFN
signaling has also been associated with disease progression in
chronic viral infections caused by lymphocytic choriomeningitis
virus (LCMV), simian immunodeficiency virus (SIV), or hepatitis
C virus (HCV). In a mouse model of persistent LCMV infection,
type I IFNs induced chronic immune activation, and blockage of
the type I IFN receptor limited immune system activation and
promoted the clearance of LCMV (62, 63). These dual properties
of type I IFNs were also demonstrated in a rhesus macaque model
of SIV infection. Administration of an antagonist of the type [ IFN
receptor at the onset of SIV infection enhanced the viral load and
accelerated theloss of CD4™ T cells, while treatment with IFN-a2a
delayed the progression of infection. However, when given over a
prolonged time during the chronic phase of SIV infection, IFN-
a2a treatment was detrimental, promoting SIV infection and
greater CD4™ T cell depletion (64). At face value, these observa-
tions would suggest that the use of a poxvirus vaccine vector with
an enhanced type I IFN- and cytokine-inducing profile, such as
NYVAC-C-AB8RBI9R, might be better in the acute than in the
chronic phase of HIV disease.

In conclusion, dual deletion of type I and type II IFN immune
evasion genes in NYVAC poxvirus generated a promising HIV
vaccine vector candidate characterized by markedly enhanced in-
nate and adaptive immunogenic properties that make it an attrac-
tive candidate HIV vaccine vector.
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