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Background: Orf virus (ORFV)-based vectors are attractive for vaccine development as
they enable the induction of potent immune responses against specific transgenes.
Nevertheless, the precise mechanisms of immune activation remain unknown. This
study therefore aimed to characterize underlying mechanisms in human immune cells.

Methods: Peripheral blood mononuclear cells were infected with attenuated ORFV strain
D1701-VrV and analyzed for ORFV infection and activation markers. ORFV entry in
susceptible cells was examined using established pharmacological inhibitors. Using the
THP1-Dual™ reporter cell line, activation of nuclear factor-xB and interferon regulatory
factor pathways were simultaneously evaluated. Infection with an ORFV recombinant
encoding immunogenic peptides (PepTrio-ORFV) was used to assess the induction of
antigen-specific CD8+ T cells.

Results: ORFV was found to preferentially target professional antigen-presenting cells
(APCs) in vitro, with ORFV uptake mediated primarily by macropinocytosis. ORFV-infected
APCs exhibited an activated phenotype, required for subsequent lymphocyte activation.
Reporter cells revealed that the stimulator of interferon genes pathway is a prerequisite for
ORFV-mediated cellular activation. PepTrio-ORFV efficiently induced antigen-specific
CD8+ T cell recall responses in a dose-dependent manner. Further, activation and
expansion of naive antigen-specific CD8+ T cells was observed in response.

Discussion: Our findings confirm that ORFV induces a strong antigen-specific immune
response dependent on APC uptake and activation. These data support the notion that
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Muller et al.

Orf Virus Vector-Mediated T Cell Induction

ORFV D1701-VrV is a promising vector for vaccine development and the design of
innovative immunotherapeutic applications.
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INTRODUCTION

Orf virus (ORFV) is a large (~ 140 kb) double-stranded DNA
(dsDNA) Parapoxvirus (1). The wildtype ORFV genome
contains highly conserved regions comprising genes implicated
in virulence and host immunomodulation (2). As a zoonotic
pathogen ORFV primarily infects goats and sheep as its natural
host. Humans are rarely affected and infections are typically
associated with minor self-limiting symptoms (3, 4). The ORFV
strain D1701, which was attenuated by successive in vitro
passages in primary bovine and ovine cells, was used as a
vaccine against Orf disease in its natural host animals, but it
was discontinued due to lacking long-term protective effects
(5, 6). Further in vitro passaging in Vero cells generated the
Vero-adapted attenuated ORFV strain D1701-V, which lacks any
pathogenic features, even in immunosuppressed sheep (7-10).

Further, substitution of the viral vegf-e gene by foreign
transgenes generated the ORFV strain D1701-VrV. The poxviral
early vegf promotor enables transgene expression without the
requirement of viral replication, thus allowing ORFV to be used
in non-permissive cells (10). ORFV D1701-VrV therefore
represents an optimal viral vector candidate for animal and
human use and possesses several desirable characteristics,
including: 1.) a beneficial safety profile; 2.) a large genome,
allowing for the integration of multiple/large genes; 3.) negligible
induction of ORFV-specific immunity, allowing for repeated
administration; 4.) potent induction of innate and adaptive
immune responses against inserted transgenes; and 5.) large virus
production capacity in cell cultures, facilitating the rapid generation
of vaccine prototypes (11, 12). Meanwhile, recombinant ORFV
D1701-VrV-based vaccines have been generated against several
zoonotic pathogens, including avian influenza (13), rabies (11),
pseudorabies (14), and Borna disease virus (15). Various animal
models provided promising results, demonstrating protective
immunity through respective vaccines with limited adverse effects
(1, 16). Of note, recent studies with ORFV D1701-VrV by Reguzova
et al. showed successful T cell induction against transgenes, while
ORFV-specific epitopes remained unaffected (12, 17).

In spite of the emerging role as a vaccine vector and potential
immunotherapeutic applications, the mechanisms by which
ORFV D1701-VrV induces immunity, and effects observed in
human cells, remain to be characterized. Respective knowledge is
essential for the development of ORFV-based vaccine platforms
and potential clinical applications for human use. Therefore, this
study focused on the mechanisms involved in ORFV-induced
immune responses in human cells. To this end, we sought to
investigate: 1) the susceptibility of human primary lymphocytes to
OREFYV infection and the respective cell tropism; 2) the activation
of peripheral blood mononuclear cells (PBMCs) subsets and
antigen-presenting cells (APCs) after ORFV infection; 3) ORFV
entry into susceptible cells; 4) the signaling pathway(s) involved

after ORFV-infection of cells; and 5) induction of antigen-specific
T cell responses through ORFV D1701-VrV in vitro.

MATERIALS AND METHODS

Generation of ORFV D1701-V-D12-
mCherry and ORFV D1701-V12-PepTrio-
D12-Cherry

ORFV strain D1701-V-D12-mCherry (V-D12-Cherry) was
generated as described previously (6, 10) to enable visualization
of viral infection through the detection of mCherry florescence by
flow cytometry. The novel artificial antigen “PepTrio”, designed
specifically for use in this work, consists of three immunodominant
epitopes from human cytomegalovirus (HCMV) proteins IE-1
(316-324; VLEETSVML) and pUL83/pp65 (495-503;
NLVPMVATYV and 120-128; MLNIPSINV), which all bind to the
major histocompatibility complex (MHC) class I molecule HLA-
A*02:01. The PepTrio-encoding gene (synthesized by Gene Art,
Thermo Fisher Scientific, Waltham, MA, USA) was isolated as a
BgllI-EcoRI DNA fragment (164 bp) by agarose gel electrophoresis
and Qiaex II gel extraction (Qiagen, Hilden, Germany) followed by
ligation (Quick Ligation Kit, New England BioLabs, Frankfurt am
Main, Germany) into BgllI-EcoRI-digested pV12-Cherry (10). The
resulting transfer plasmid, pV12-PepTrio, was used to transfect
D1710-V-GFP-D12-mCherry-infected Vero cells using
nucleofection (Cell Line V Nucleofector® Kit, Lonza, Kéln,
Germany) to replace the GFP-encoding gene with PepTrio, as
described previously (10). The new ORFV recombinant D1701-
V12-PepTrio-D12-mCherry (V12-PepTrio-D12-Cherry, PepTrio-
ORFV) was selected and purified by fluorescence-based negative
selection, as described previously (10). PCR primers spanning the
vegflocus [5-GGTGCTCAGCGTGGTGGCGGTTTC-3’ (forward)
and 5-ACCACAAGGCCGCCCAGAAGACGCCGCTAG-3
(reverse)] were commercially obtained (Metabion, Planegg,
Germany) and were used to confirm the presence of a 738-bp
amplicon for the PepTrio gene and the loss of an 1129-bp amplicon
for the GFP-encoding gene. Sequencing confirmed the correct
integration of the PepTrio gene into the vegf locus. The ORFV
recombinants were purified, propagated, and titrated in Vero cells,
as described previously (10).

Donor Cells and Cell Lines
PBMCs were isolated from buffy coats obtained at the University
Hospital Tibingen, Center for Clinical Transfusion Medicine,
from HCMV-seronegative and HCMV-seropositive donors. The
use of biomaterials was approved by the Ethics Committee of the
Medical Faculty of Eberhard Karls University and the University
Hospital of Tiibingen (project number: 507/2017B01).

African green monkey kidney (Vero) cells (ATCC®) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Life
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Technologies) containing 5% fetal calf serum (FCS; Capricorn
Scientific, Ebsdorfergrund, Germany) with 0.5% penicillin-
streptomycin. All cells were cultured at 37°C with 5% CO, in a
humidified incubator.

Cell Isolation and Macrophage and
Dendritic Cell (DC) Differentiation

PBMCs were isolated from buffy coats by Ficoll density gradient
centrifugation (Biocoll Separation Solution, Merck KGaA,
Darmstadt, Germany). CD14+ monocytes were isolated from
total PBMCs by magnetic cell sorting using CD14 microbeads
(MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). PBMCs
or CD14+ monocytes were seeded at a density of 1x10° or 1x10°
per well in a 96-well plate, respectively, and cultured with 200 pL
Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Kéln,
Germany) supplemented with 10% heat-inactivated FCS (Sigma-
Aldrich, St. Louis, MO, USA). Monocyte-derived macrophages
were differentiated from CD14+ cells with 50 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF;
Leukine® (Sargramostim), Sanofi, Paris, France), immature
dendritic cells (iDCs) were differentiated from CD14+ cells
with 50 ng/mL GM-CSF and 50 ng/mL interleukin (IL)-4
(Peprotech, Rocky Hill, NJ, USA). Mature DCs (mDCs) were
generated by stimulating iDCs with 100 ng/mL
lipopolysaccharide (LPS; Sigma-Aldrich) for 24 h.

Infection of Vero Cells With Virus Lysates
From Infected APCs

DCs and macrophages were infected with V-D12-Cherry at MOI
1.0 and MOI 5.0 for 6 h, 24 h, and 96 h, respectively and lysed by
repeated freezing and thawing. Vero cells were infected using
DC- and macrophage-lysates (infection at MOI 5.0) with
different dilutions for 24 h. The percentage of infected Vero
cells was assessed by flow cytometry and viral infection was
determined in respective samples, confirming a linear range of
infection from 0.5-30%.

Monocyte Depletion

Monocytes were depleted from total PBMCs using CD14
microbeads and depletion columns (MACS) in accordance
with the manufacturer’s instructions. Successful depletion (98-
100%) was verified by flow cytometry.

Viral Infection
PBMCs, monocytes, macrophages and DCs were inoculated with
V-D12-Cherry for in vitro infection at a multiplicity of infection
(MOI) of 5.0 for the indicated times, if not specifically
indicated otherwise.

Inhibition of Phagocytosis and
Macropinocytosis

Phagocytosis was inhibited by incubating cells with 20 pM
cytochalasin D (Sigma-Aldrich) for 30 min before infection.
Macropinocytosis was inhibited by incubating cells with 3 uM
rottlerin (Sigma-Aldrich) for 30 min before infection.

Cytometric Bead Array

For analysis of CXCL10 production, DCs were infected
with V-D12-Cherry for 24 h (MOI 5.0). Quantification of
CXCLI10 in the supernatants of ORFV-infected DCs was
performed using BD'" Cytometric Bead Array (CBA) (BD
Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer’s instructions.

Activation of THP1-Dual™ Cells

THP1-Dual" cells, THP1-Dual'" KO-IENAR2 cells, THP1-
Dual ™" KO-MyD88 cells, and THP1-Dual " KO-STING cells
were purchased (InvivoGen, San Diego, CA, USA). Secreted
embryonic alkaline phosphatase (SEAP) and luciferase activity
were assessed after infection with V-D12-Cherry (MOI 10.0) in
accordance with the manufacturer’s protocol for THP1-Dual
cells. Infection rates were determined by flow cytometry and
established at 25% + 5%.

Memory T Cell Expansion

A total of 5x10° PBMCs per well, obtained from HCMV-
seropositive blood donors, were seeded into a 24-well plate in
2 mL medium (RPMI-1640 with 10% heat-inactivated FCS) and
incubated for 6 h. PBMCs were infected with PepTrio-ORFV or
V-D12-Cherry (mock virus control) at the indicated MOI, or
stimulated with 1 pg/mL HCMV pp65 495 503 NLVPMVATV
peptide (positive control) for CD8+ T cell activation. Every 2-3
days, 500 puL of medium was replaced with 500 uL
fresh medium containing 20 U/mL IL-2 (R&D Systems,
Minneapolis, MN, USA). After 12 days of stimulation, analysis
of T cell expansion and antigen-specific T cell functionality
was performed by HLA-tetramer and intracellular cytokine
staining, respectively.

Priming of Naive T Cells

A total of 1x10* PBMCs from HCMV-seronegative blood donors
were used to isolate CD14+ monocytes and to subsequently induce
differentiation into DCs as described above. DCs (2x10°) were
seeded into a 96-well pate in 200 uL medium per well. After one
week, DCs were infected with PepTrio-ORFV (MOI 5.0) for 6 h or
stimulated with 10 ng/mL IL-4 (Peprotech), 800 U/mL GM-CSF,
10 ng/mL LPS, and 100 U/mL IEN-y (Peprotech) for 24 h and
loaded with 25 pug/mL HCMV pp65 495-503 NLVPMVATV
peptide for 2 h. Isolation of CD8+ T cells from cryopreserved
PBMCs was performed by magnetic cell sorting using CD8
microbeads (MACS). Subsequently, 1x10° CD8+ T cells were
added to the infected or peptide-loaded DCs in the presence of 5
ng/mL IL-12 (PromoCell, Heidelberg, Germany). Every 2-3 days,
100 pL medium was replaced with 100 pL fresh medium
containing 40 U/mL IL-2. After one week of co-culture of DCs
and CD8+ T cells, the latter were restimulated with autologous
peptide-loaded PBMC:s. For this purpose, autologous PBMCs were
thawed and loaded with 25 pg/mL HCMV pp65 495 503
NLVPMVATYV peptide and incubated for 2 h. A total of 1x10°
peptide-loaded PBMCs were added to each well following
irradiation (30 Gy). T cells were stimulated three or four times
in total with 7-day intervals. One week after the last re-stimulation,
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analysis of antigen-specific CD8+ T cell responses was performed
by HLA-tetramer staining.

Antibody Staining and Flow Cytometry

To prevent non-specific antibody binding, cells were treated with
Fc block (BioLegend, San Diego, CA, USA) before antibody
staining according to the manufacturer’s instructions. To stain
for viability, cells were washed with PBS and stained using the
Zombie Aqua'" Fixable Viability Kit (BioLegend). Before
extracellular staining, cells were washed twice with staining
buffer (2 mM ethylenediaminetetraacetic acid [EDTA], 2%
FCS, and 0.02% NaNj; in PBS).

To analyze PBMC activation, cells were stained with antibodies
speciﬁc for CD4PaciﬁcB1ue) CDSAPC/Cy7, CD14AlexaFluor700’
CD19"¢F, CD565V*°, and CD69™® (all BioLegend). Infected
monocytes were stained for CD141*¥ 7% and the activation
marker human leukocyte antigen (HLA)-DRBV7H, Monocyte-
derived macrophages were stained for CD1441x@Fuer700 e
activation markers HLA-DR®V7'!, CD80™", CD86"V**, and
CD40"“Y” (all BioLegend). Monocyte-derived DCs were stained
for CD11c”V*?!, the activation markers HLA-DR®'”"!, CD80"",
CD86"V% and CD40"¥“”, and the maturation marker CD83*"“
(all BioLegend). All staining steps were performed by incubating
the cells and antibodies at 4°C for 30 min followed by two washing
steps with staining buffer.

For HLA-tetramer staining, cells were washed twice with 200
UL PBS and then resuspended in 50 UL tetramer buffer (50% FCS,
2 mM EDTA in PBS) with 1 pL phycoerythrin (PE)-conjugated
HLA-tetramer. Incubation was performed at room temperature
for 30 min in the dark. After incubation, cells were stained for
viability (Zombie Aqua'" Fixable Viability Kit) and for
extracellular markers using antibodies specific for CD4"2fi<Blue
and CD8*P“'“Y” (BioLegend).

For intracellular cytokine staining, expanded CD8+ memory
T cells were stimulated with HCMV pp65 495 503 peptide
NLVPMVATV (1 pg/mL) in the presence of 10 pg/mL
brefeldin A (Sigma-Aldrich) for 16 h. After incubation, cell
viability staining was performed (Zombie Aqua'™ Fixable
Viability Kit), followed by cell surface staining with antibodies
specific for CD4PecificBlue 5, 4 CDGAPC/Y? (BioLegend). The cells
were subsequently fixed and permeabilized using BD Cytofix/
Cytoperm (BD Biosciences, Franklin Lakes, NJ, USA) at 4°C for
30 min and incubated with antibodies specific for IEN-y**“ and
tumor necrosis factor (TNF)"®<” (BioLegend).

Samples were analyzed using a LSR Fortessa'  flow cytometer
(BD Biosciences) and data processing was performed with
Flow]o® software (TreeStar Inc., Ashland, OR, USA).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9
software. Data are presented as means + standard deviation.
Normality of data was tested using the Shapiro-Wilk test.
Comparisons between groups were performed using a two-
tailed Student’s t-test. A p < 0.05 was considered to indicate
statistical significance.

RESULTS

ORFV Preferentially Targets
Antigen-Presenting Cells In Vitro

To examine whether ORFV infects and drives the expression of
transgenes in leukocytes, PBMCs were infected with ORFV
encoding mCherry (V-D12-Cherry) for 24 h in vitro, stained
and assessed by flow cytometry to identify cell subsets (T cells, B
cells, NK cells and monocytes) susceptible for infection.
Expression of mCherry is driven by an early poxviral promoter
that enables strong early transgene expression without the need
for ORFV genome replication or infectious virus production.
After infection, mCherry expression, indicating viral infection,
remained restricted to CD14+ monocytes and resulted in a mean
infection rate of ~15% (Figure 1A). All other assessed cell
populations were unaffected.

Since ORFV incubation with PBMCs only infected
monocytes, we next analyzed whether other APCs (i.e,
macrophages and DCs) were also susceptible for infection.
When infecting monocyte-derived macrophages and DCs with
OREFV for different periods, the percentage of mCherry-positive
macrophages and DCs increased and peaked at 24 h,
subsequently decreasing until 96 h (Figure 1B).

Next, we determined whether ORFV replicates in human
APCs. This was investigated by assessing the percentage of Vero
cells that were infected through incubation with cell lysates from
macrophages and DCs previously infected with ORFV and then
cultured for different periods of time.

The infection rates of Vero cells lay in the linear range from
0.5 - 30% of infected cells at 24 hours post infection. Significantly
fewer Vero cells became infected when incubated with cell lysates
from both macrophages and DCs harvested 96 h after ORFV
incubation as compared to incubation with respective cell lysates
harvested earlier at 6 h (Figure 1C), suggesting that after 96 h
less ORFV virus is present in the APC lysate than after 6 h. Thus,
the decreasing amount of virus over time indicates a lack of
productive generation of infectious virus particles in APCs.

Opverall, these results demonstrate that professional APCs are
susceptible to ORFV infection and enable expression of the
transgene without the need for viral replication.

ORFV Is Taken Up by Professional APCs
via Macropinocytosis
After establishing the susceptibility of APCs for ORFV infection, we
aimed to investigate the mechanisms of ORFV entry into these cells.
APCs take up pathogens either via receptor-mediated endocytosis
(e.g., phagocytosis) or via receptor-independent macropinocytosis,
but both processes require actin polymerization (18, 19). Therefore,
we inhibited actin polymerization in monocyte-derived
macrophages and DCs by cytochalasin D before ORFV infection.
Treated APCs remained negative for ORFV infection, while
untreated APCs became infected (p < 0.01; Figure 2A), indicating
that actin cytoskeleton rearrangement is required for ORFV uptake.
To differentiate an uptake via phagocytosis from
macropinocytosis, the cells were treated with the protein kinase C
delta inhibitor rottlerin that specifically inhibits macropinocytosis at
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FIGURE 1 | Orf virus (ORFV) preferentially targets antigen-presenting cells in vitro. (A) Human peripheral blood mononuclear cells (PBMCs) were inoculated with
V-D12-Cherry [multiplicity of infection (MOI) 5.0, 24 h]. Different cell subsets were identified by extracellular staining [CD4: CD4+ T cells, CD8: CD8+ T cells, CD19:
B cells; CD56: natural killer (NK) cells; CD14: monocytes] and the percentage of viable mCherry+ cells was determined by flow cytometry analysis. Data represent
mean + SD of biological replicates. (B) Macrophages and DCs were infected with V-D12-Cherry (MOI 1.0 and MOI 5.0). The percentage of viable mCherry+ cells was
determined at 6, 12, 24, 48 and 96 h post-infection by flow cytometry. X-axis: time post-infection (h); Y-axis: percentage of mCherry+ cells. Data represent mean + SD
of technical replicates (n=3). (C) Cell lysate of V-D12-Cherry-infected (MOI 5.0) macrophages and DCs at 6 h post-infection (hpi), 24 hpi, and 96 hpi was used to infect
Vero cells. The percentage of mCherry+ Vero cells was determined 24 hpi. X-axis: time point after macrophage or DC infection; Y-axis: percentage of mCherry+ Vero
cells. Data represent mean + SD of technical replicates (n=3) and are representative for 3 independent experiments. Statistical differences are shown (unpaired t-test).
*P < 0.05; *P < 0.01.
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FIGURE 2 | ORFV is taken up by professional APCs via macropinocytosis. (A) Macrophages (M®) and DCs were treated with 20 uM cytochalasin D or left
untreated. After infection with V-D12-Cherry (MOI 5.0, 24 h) the level of mCherry expression was measured using flow cytometry. The percentage of positive cells is
indicated. (B) Macrophages and DCs were treated with 3 uM rottlerin or left untreated. After infection with V-D12-Cherry (MOI 5.0, 24 h) mCherry expression was
measured using flow cytometry. The percentage of positive cells is indicated. (C) Immature DCs and LPS-matured DCs were infected with V-D12-Cherry (MOI 5.0,
24 h). The percentage of mCherry+ cells was determined using flow cytometry. Of note: cells of different donors were used for experiments shown in (A-C). Data
represent mean + SD of biological replicates. Statistical differences are shown (paired t-test). **P < 0.01; **P < 0.001.
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low concentrations (20, 21). The infection rate in DCs after
treatment was significantly reduced compared to controls (p <
0.001), however, a baseline infection was discernible in the latter
(Figure 2B), confirming that ORFV mainly enters DCs via
macropinocytosis. Respective findings could also be shown in
macrophages (Figure 2B).

While phagocytosis and macropinocytosis are well-known
uptake mechanisms of immature DCs, this ability is lost during
DC maturation and activation (22). Therefore, we tested whether
DC maturation influences the uptake of ORFV. Both immature DCs
(iDCs) and matured DCs (mDCs) were incubated with ORFV.
Results confirmed that iDCs were significantly more frequently
infected than mDC:s (p < 0.001; Figure 2C).

PBMCs and Professional APCs Are
Activated After ORFYV Infection In Vitro

Next, we examined whether incubation with ORFV induces
activation of leukocytes in vitro. First, we analyzed the
activation state of APCs upon ORFV uptake. To characterize
monocyte activation, CD14+ cells among PBMCs were purified
and stained for HLA-DR 24 h after ORFV infection. Results
revealed that HLA-DR expression was significantly increased in
the ORFV-infected monocytes when compared to untreated
controls (p < 0.01; Figure 3A).

To investigate activation of professional APCs after ORFV-
infection, macrophages and DCs were incubated with ORFV for
24 h and subsequently expression of CD80, CD86, HLA-DR, and
CD40 were assessed on CD14+ macrophages and CD11c+ DCs.
DCs were further examined for the maturation marker CD83
(23). The expression of activation markers CD80, CD86 and
HLA-DR was strongly increased on macrophages following
infection compared to the non-infected control. The expression
of all assessed activation markers observed on DCs from different
donors varied substantially. However, the proportion of HLA-
DR- and CD83-positive DCs were found markedly increased
following infection (Figure 3B). In addition, analysis of cell
culture supernatant 24 h after ORFV infection showed that DCs
produced a significantly increased amount of CXCLIO after
incubation with ORFV compared to uninfected DCs
(Figure 3C). To investigate the effect of APC activation on
activation of lymphocytes, we next analyzed the activation state
of cell subsets in human PBMCs after incubation with ORFV in
vitro. Following incubation with ORFV a significantly increased
percentage of CD4+ and CD8+ T cells, B cells as well as NK
cells expressed CD69, as compared to untreated controls (all
p < 0.001; Figure 3D). This activation state was found
particularly pronounced in NK cells.

These results indicate that infection with ORFV induces
activation of APCs upon virus uptake and subsequently leads
to the activation of T cells, B cells, and NK cells.

Lymphocyte Activation Depends on
ORFV-Infected Monocytes

Since infection of PBMCs with ORFV led to an increase of CD69+
cells among lymphocytes, we sought to investigate the role of
monocytes in the activation of other cell subsets. Thus, both total

PBMCs and monocyte-depleted PBMCs were infected with ORFV
and assessed for CD69 expression. While the infection of total
PBMCs led to the activation of the different cell subsets, as
evidenced before, the proportion of CD69-expressing CD4+ and
CD8+ T cells, B cells, or NK cells among lymphocytes was not
increased when monocytes were depleted (Figures 4A-D).

These data suggest that uptake of ORFV by APCs is a
prerequisite for subsequent lymphocyte activation.

Activation of the Stimulator of Interferon
Genes (STING) Pathway in APCs Through
ORFV Infection

To investigate ORFV-mediated APC activation in more detail, a
monocytic reporter cell line (THP1-Dual cells) was used to
investigate pathways involved in monocyte activation. These
cells allow for simultaneous studies of the NF-xB and interferon
regulatory factor pathways through SEAP and luciferase activity,
respectively. To assess pathways required for APC activation,
THP1-Dual reporter cells were infected with ORFV. Infected
THP1-Dual KO MyD88 cells exhibited comparable SEAP
production as infected THP1-Dual control cells (Figure 5A),
indicating that ORFV-mediated APC activation occurs
independent of MyD88. Luciferase activity in infected THP1-
Dual KO IFNAR cells was less compared to Luciferase activity in
THP1-Dual cells (Figure 5B), suggesting that ORFV-mediated
APC activation occurs partially dependent of IFNAR2. However,
infection of THP1-Dual KO STING cells failed to induce
luciferase activity, indicating that the activation of APCs by
ORFYV is mediated by the STING pathway (Figure 5C).

Induction of Cellular Immune

Responses In Vitro

We assessed whether ORFV-infected APCs present encoded
HLA class I-restricted epitopes leading to the activation of
antigen-specific T cells. To this end, a recombinant ORFV
encoding the artificial antigen PepTrio (V12-PepTrio-D12-
Cherry; abbreviated as PepTrio-ORFV) was used, encoding
three HLA-A*0201 restricted epitopes from cytomegalovirus
(HCMV), i.e. pp65495-503 NLVPMVATYV, pp65;50-128
MLNIPSINV, and IE-136-324 VLEETSVML (Figure 6A). First
the activation and expansion of antigen-specific memory CD8+
T cells with different antigen specificities was assessed. Therefore,
PBMCs from a HCMV-seropositive donor were infected with
PepTrio-ORFV (MOI 5.0) and the frequency of transgene-
specific CD8+ T cells was determined by flow cytometry after
12 days. PBMC stimulation with PepTrio-ORFV activated a
robust peptide-specific CD8+ T cell recall response against all
encoded epitopes (Figure 6B).

Further, the relation between ORFV infection dose and the
proliferation and activation of memory CD8+ T cells was
investigated. Again, PBMCs from a HCMYV-seropositive donor
were infected with PepTrio-ORFV at different MOIs (0.1, 1.0 or
5.0). The frequency of HCMV pp65495-s03-specific CD8+ T cells
was assessed 12 days after ORFV infection by flow cytometry using
HLA-tetramer staining as well as intracellular cytokine staining for
TNF and IEN-y. Thereby, antigen-specific CD8+ T cell recall
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FIGURE 3 | PBMCs and professional APCs are activated after ORFV infection in vitro. (A) Monocytes were inoculated with V-D12-Cherry (MOI 5.0, 24 h). Expression
of human leukocyte antigen (HLA)-DR after infection was determined by flow cytometry. Expression of the activation marker HLA-DR on monocytes is depicted as the
specific mean fluorescent intensity (SMFI) calculated as: MFI of the sample minus MFI of the isotype control. The change in HLA-DR expression was compared between
non-infected and V-D12-Cherry-infected monocytes. Statistical differences are shown (paired t-test). **P < 0.01. (B) Macrophages (M®) and DCs were infected with
V-D12-Cherry (MOI 5.0, 24 h). The expression of surface markers CD80, CD83, CD86, HLA-DR, and CD40 was analyzed between non-infected and V-D12-Cherry-
infected cells and is indicated as the fold expression compared to expression on non-infected cells. Data represent mean + SD of biological replicates. Statistical
differences are shown for each marker (one sample t-test). ns, not statistically significant; “P < 0.05; **P < 0.01. (C) DCs were infected with V-D12-Cherry (MOI 5.0,
24 h). The concentration of CXCL10 in cell culture supernatant was determined via Cytometric Bead Array (CBA). Statistical differences are shown (paired t-test). **P <
0.001. (D) Human peripheral blood mononuclear cells (PBMCs) were inoculated with V-D12-Cherry (MOI 5.0, 24 h). Expression of the activation marker CD69 after
infection was determined by flow cytometry. The percentage of T cells, B cells, and NK cells expressing the early activation marker CD69 is indicated. Statistical
differences are shown for all analyzed cell subsets (paired t-test). **P < 0.001.

responses could be shown as depending on the ORFV infection
dose (Figure 6C). In summary, proliferation and activation of
memory CD8+ T cells was demonstrated in PBMCs of 7 individual
HCMV-seropositive donors. Overall, infection with PepTrio-
ORFV (MOI 5.0) resulted in the highest frequency of HCMV
PP65495-s03-specific CD8+ T cells (Figure 6D).

Finally, priming of naive CD8+ T cells with PepTrio-ORFV-
encoded peptides was also assessed in vitro. HLA-tetramer staining

showed that HCMV pp65,495_s03-specific CD8+ T cells could be
successfully induced by ORFV-infected DCs (Figure 6E). Thereby,
successful priming with ORFV-infected DCs was shown more
frequently than when using peptide-loaded DCs.

Altogether, these data demonstrate that APCs infected with
PepTrio-ORFV enable priming of naive CD8+ T cells and induce
the activation of functional memory CD8+ T cells against
encoded HLA class I-restricted epitopes.
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FIGURE 4 | Lymphocyte activation is dependent on ORFV-infected monocytes. PBMCs and monocyte-depleted PBMCs were infected with V-D12-Cherry (MOI 5.0,
24 h) and stained with a specific antibody against the early activation marker CD69. The percentage of CD69+ cells is indicated. The change in CD89 expression
was compared between non-infected and V-D12-Cherry-infected PBMCs, as well as V-D12-Cherry-infected monocyte-depleted PBMCs. Statistical differences
(paired t-test) are shown for (A) CD4+ T cells, (B) CD8+ T cells, (C) B cells, and (D) NK cells. ns, not statistically significant; *P < 0.05; **P < 0.01; **P < 0.001.

DISCUSSION

ORFV D1701-VrV is a promising viral vector both for the
development of novel vaccines and innovative immunotherapeutic
approaches, enabling potent antigen-specific immune responses.
Details on the precise mechanisms by which ORFV activates
immune responses remain to be elucidated. The presented findings
now demonstrate that ORFV-mediated T cell activation depends on
the uptake of ORFV by APCs and on their activation via the
STING pathway.

Analysis of cell tropism of ORFV revealed that only professional
APCs such as monocytes, macrophages and DCs were shown to be
susceptible to ORFV infection. In contrast, infection of T cells, B
cells, and NK cells was neither detected in PBMCs nor in monocyte-
depleted PBMCs. Experiments with rabbit PBMCs recently
indicated this ORFV tropism. After infection of isolated rabbit
PBMCs with D1701-V-Cherry, expression of mCherry was
observed only in monocytes (24). The preferential targeting of
professional APCs has also been observed in the context of other
members of the Poxviridae family. In 2011, Flechsig et al. showed
the preferential infection of monocytes when elucidating the cell
tropism of modified vaccinia Ankara virus (MVA) in human
PBMCs (25) and later confirmed by Altenburg et al. (26). In a

large-scale study, cell tropism of MV A was investigated in vitro in
human PBMCs, ex vivo in murine lung explants, and in vivo in
mice, ferrets, and macaques after intranasal droplet infusion and
following intramuscular injection. Regardless of the experimental
set-up, animal model, or route of administration, the preferential
infection of professional APCs was demonstrated.

By infecting professional APCs for different periods, we
observed an increasing percentage of mCherry-positive cells
until 24 h after infection, which subsequently decreased. Since
infection of APCs was not synchronized, the observed increase of
infected cells over the first 24 h was expected. Considering that
infectious ORFV particles are produced considerably later than it
is known for other poxviruses (27, 28), these results indicate the
lack of viral spread in APCs. The absence of productive
infectious virus particle generation in APCs was further
demonstrated by incubating Vero cells with cell lysates from
macrophages and DCs harvested 6 h and 96 h post infection.
Moreover, since mCherry expression is driven by an early
poxviral promoter, these results prove that expression of a
transgene by ORFV is possible despite abortive infection.

Using established pharmacological inhibitors that prevent the
entry of ORFV into APCs, we could determine entry via
macropinocytosis as a main route. This is in line with other
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FIGURE 5 | The stimulator of interferon genes (STING) pathway is required for the activation of THP1-Dual cells. (A) THP1-Dual cells and THP1-Dual KO myeloid
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(n=3) and are representative for 3 independent experiments.

members of the Poxviridae family. For example, Sangren et al.
demonstrated that vaccinia virus enters monocyte-derived DCs via
macropinocytosis (29). Nevertheless, phagocytosis and other forms
of endocytosis may still represent ancillary forms of entry (30). Our
observations that following maturation, APCs lose the ability to take
up ORFV conforms with results from Sallusto et al., who found that
DC maturation led to an irreversible loss of macropinocytosis (20).
It has been suggested that this loss in antigen capture and processing
capacity may be required for optimal antigen presentation to
T cells (20).

Previous studies have investigated the activation of APCs by
ORFV strain D1701-B, the original strain from which ORFV
strain D1701-VrV was derived. After infection of murine bone
marrow-derived DCs, increased expression of MHC class I and
class II as well as CD86 was shown (31, 32). In this study,
enhanced expression of the co-stimulatory molecules CD80,
CD86, and CD40 as well as the MHC class II molecule HLA-
DR and the production of CXCLI0 successfully demonstrated
the activation of human APCs by ORFV strain D1701-VrV for
the first time. It was further shown that infection and activation
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of APCs is required for subsequent activation of T cells, B cells,
and NK cells. A similar dependence was also demonstrated in
studies conducted with MVA. Using an in vivo mouse model, Liu
et al. demonstrated that MV A-infection of DCs was required to
induce MV A-specific CD8+ T cell responses via both direct- and
cross-presentation of viral antigens (33).

A main finding of our study was that APC activation involves
the STING pathway. This was evidenced both through CXCL10
production by ORFV-infected DCs and the lack of activation of
THP1-Dual KO STING cells. STING is a well-characterized adaptor
molecule relevant for the cellular response to self and foreign
cytosolic dsDNA (34). After detection of cytosolic dsDNA by
c¢GAMP it binds to STING and induces IFN gene transcription
(35). This is why STING-dependent signaling has been shown
central for the induction of both innate and adaptive immunity in
response to dsDNA viruses (36, 37) and was found to be critically
involved in the induction of type I IFN induction in cDCs by MVA
as well as a robust cytotoxic lymphocyte response connected with an
MVA-based vaccination (36). However, we cannot exclude that
activation of APCs by ORFV also occurs via additional pathways.
Whereas MyD88 does not play a role in the activation of THP1-
Dual cells in our experiment, Siegemund et al. showed that the
activation of plasmacytoid bone-marrow derived dendritic cells
(BM-pDCs) is dependent on this adaptor protein (31). Von
Buttlar et al. further identified the endosomal receptor TLRY as
an ORFV-sensing receptor in BM-pDCs (32). To what extent
OREFYV is also recognized by TLR9 in human APCs remains to be
determined by future experiments.

Initially, MVA infections were known to be recognized not
only by DNA sensing pathways but also by TLR-dependent and
-independent signaling pathways, including the RNA sensor
melanoma differentiation-associated protein (MDA)-5, TLR2/
TLR6 and NALP3 (38-42). In addition to cGAS, the STING-
independent DNA sensors DNA-dependent protein kinase
(DNA-PK) and Gamma-interferon-inducible protein (IFI16)
are involved in immune activation by MVA (42) and therefore
represent potential DNA sensors recognizing ORFV.

ORFV-based recombinant vectors have been successfully used in
the past to develop prophylactic vaccines. A strong, long-lasting
humoral immune response was elicited and protection against
various infectious diseases was achieved in a wide range of animal
species (11, 13-15, 43). However, whether and to what extent cellular
immune responses are induced was not subject of these studies.
Anyhow, depletion of CD8+ T cells after immunization with ORFV
had no negative effect on protection against rabies or influenza virus
infections (11, 13). In contrast, Rohde et al. suggested a T-cell-based
protection of rabbits against infection with rabbit hemorrhagic
disease virus, but without direct evidence for antigen-specific T
cells (43). Schneider et al. recently demonstrated that an ORFV-
based antitumor vaccine significantly inhibited tumor growth
through inducing robust cellular immune responses, connected
with complete tumor regression in rabbits after repeated
administrations (24). Importantly, repeated vaccination with
ORFV D1701-VrV did not induce ORFV-specific CD8+ T cell
responses but induced respective immune responses towards an
encoded transgene (12). In this study, the activation of both memory

T cells and naive T cells against ORFV-encoded transgenes was
successfully demonstrated. This is in line with results from a very
recently published proof-of-concept study of a D1701-VrV-based
dengue virus (DENV) vaccine candidate (17).

However, our study has also some limitations. In vitro
experiments with human PBMCs are subject to inherent
variability, as these were obtained from a limited number of
donors and such sample materials usually show considerable
variance. Hence, the precise mechanisms of ORFV uptake and
activation in tissue-resident APCs may differ and cannot be
extrapolated from our data with absolute security. Although
ORFV uptake by phagocytosis and macropinocytosis was
established, a more detailed understanding of the molecular
mechanisms would be desirable. In addition, although it has
been shown that ORFV-mediated DC activation involves the
STING pathway, the specific signaling cascade remains to be
elucidated also in primary cells, as well as the potential role of
other signaling pathways.

In conclusion, we successfully demonstrated that ORFV-
mediated cellular immune responses involve virus uptake by
APCs and their subsequent activation via the STING pathway.
Activated APCs subsequently activate surrounding T cells, B cells,
and NK cells. Furthermore, ORFV-infected DCs prime naive T cells
against encoded antigens and induce a potent recall response. These
results support that ORFV is a promising viral vector for the
induction of strong adaptive immune responses towards
encoded antigens.
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