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Vaccinia Virus Infection Inhibits Skin Dendritic Cell
Migration to the Draining Lymph Node

Juliana Bernardi Aggio,*’* Veronika Krmeska,* Brian J. Ferguson,1E

Pryscilla Fanini Wowk,*" and Antonio Gigliotti Rothfuchs*

There is a paucity of information on dendritic cell (DC) responses to vaccinia virus (VACYV), including the traffic of DCs to the
draining lymph node (dLN). In this study, using a mouse model of infection, we studied skin DC migration in response to VACV
and compared it with the tuberculosis vaccine Mycobacterium bovis bacille Calmette-Guérin (BCG), another live attenuated
vaccine administered via the skin. In stark contrast to BCG, skin DCs did not relocate to the dLN in response to VACYV. Infection
with UV-inactivated VACYV or modified VACV Ankara promoted DC movement to the dLN, indicating that interference with skin
DC migration requires replication-competent VACYV. This suppressive effect of VACV was capable of mitigating responses to a
secondary challenge with BCG in the skin, ablating DC migration, reducing BCG transport, and delaying CD4* T cell priming in
the dLN. Expression of inflammatory mediators associated with BCG-triggered DC migration were absent from virus-injected
skin, suggesting that other pathways invoke DC movement in response to replication-deficient VACV. Despite adamant suppres-
sion of DC migration, VACV was still detected early in the dLN and primed Ag-specific CD4" T cells. In summary, VACV blocks

skin DC mobilization from the site of infection while retaining the ability to access the dLN to prime CD4" T cells.

Immunology, 2021, 206: 776-784.

endritic cells (DCs) excel in their capacity to capture,

transport, and present microbial Ag to prime naive T cells

in secondary lymphoid organs (1). The lymph node (LN)
is a major site for such Ag presentation, which is often preceded
by the relocation of DCs from the site of infection in the periphery
to the draining LN (dLN) (2). Despite a large body of data on
immunizations with model Ags, DC migration remains incom-
pletely understood during infection with pathogens and live at-
tenuated bacterial or viral vaccines. Using an infection model in
mice and a novel assay to track DC migration in vivo, we have
previously identified a role for IL-1R signaling in mobilizing skin
DCs to the dLN in response to Mycobacterium bovis bacille
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Calmette—Guérin (BCG), the live attenuated tuberculosis vaccine
(3). We found that the population of migratory EpCAM'"™
CD11bM&" skin DCs were important for the transport of BCG from
its inoculation site in the skin to the dLN and, in doing so, for
priming mycobacteria-specific CD4" T cells in the dLN (3).

Similar to BCG, the smallpox vaccine vaccinia virus (VACV) is a
live attenuated microorganism administered via the skin. Despite
many studies on the immune response to poxviruses and countless
investigations on antiviral T cell priming, there is a knowledge gap
on the initial immunological events that unfold in vivo in response
to VACV. Because of its large genome and replication cycle fea-
tures, VACV is readily used as an expression vector and live
recombinant vaccine for infectious diseases and cancer (4-7).
Because BCG efficacy is suboptimal, there is a standing need to
improve tuberculosis vaccination. Recombinant BCG strains as
well as novel vaccine candidates are considered or have been
developed, some of which are currently undergoing clinical trials.
These efforts include attenuated or recombinant VACV vectors
and, in fact, modified VACV Ankara (MVA) expressing Myco-
bacterium tuberculosis Ag85A is an example of a clinically-
advanced vaccine candidate (8).

Following inoculation of VACV in the skin, infected cells, in-
cluding DCs and macrophages, can be detected in the dLN within a
few hours (9-12). It is not entirely clear if this rapid relocation of
virus from skin to the dLN occurs through direct viral access to
lymphatic vessels, as also observed after skin infection with Zika
virus (12), or if it is supported by other mechanisms. In contrast,
other studies indicate that VACV is largely restricted to its inoc-
ulation site in the skin, with limited or no relocation of virus to the
dLN (13, 14). In this regard, VACV can interfere with fluid
transport in lymphatic vessels and, as such, can curb its dissemi-
nation (15). In addition to data on viral traffic to the dLN, there is
substantive literature on immune evasion and immunosuppression
mediated by VACYV in vitro and in models of infection (16). Using
an established toolset and mouse model for investigating DC re-
sponses to mycobacteria we compared local BCG-triggered in-
flammatory responses in the skin and skin dLN with that of VACV
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FIGURE 1. Skin DCs migrate to the dLN in
response to BCG but not VACV. C57BL/6
mice were inoculated in the footpad skin
with PBS, BCG, or VACV and subjected to
the CFSE migration assay (3, 25). Single-
cell suspensions were generated from the B
dLN and pLN and analyzed by flow
cytometry. (A) Total number of CFSE-la-
beled skin DCs (MHC-II"€" CD11c*"%) in
the pLN 3 d postinfection with 1 X 10°
CFUs of BCG or given doses of VACV. (B)
Total number CFSE-labeled skin DCs in the
pLN at the given time points after footpad
infection with BCG (1 X 10° CFUs) or
VACV (1 X 10° PFUs). (C) Concatenated
FACS plots showing CFSE-labeled cells
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and focused on the ability of VACV to mobilize skin DCs to the
dLN. Unlike the early reaction to BCG, we found that VACV
actively inhibits skin DC migration to the dLN but retains the
ability to enter the dLN in the absence of DC transport and prime
CD4* T cells therein.

Materials and Methods
Mice

C57BL/6NR]j mice were purchased from JANVIER LABS (Le Genest-
Saint-Isle, France) and used as wild-type controls. P25 TCR transgenic
(Tg) RAG-1""" mice expressing EGFP (17) were kindly provided by Dr.
R. Germain (National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health). Animals were maintained at the Department of
Comparative Medicine, Karolinska Institutet. Both male and female mice
between 8 and 12 wk old were used. Animals were housed and handled at
the Department of Comparative Medicine according to the directives and

0.004 0.28

CD11¢c —» CFSE—»

guidelines of the Swedish Board of Agriculture, the Swedish Animal
Protection Agency, and Karolinska Institutet. Experiments were approved
by the Stockholm North Animal Ethics Council.

Mycobacteria

M. bovis BCG strain Pasteur 1173P2 was expanded in Middlebrook 7H9
broth supplemented with ADC (BD Biosciences) as previously described
(18). Quantification of mycobacterial CFUs for bacterial stocks and de-
termination of bacterial load in LNs was performed by culture on 7H11
agar supplemented with OADC (BD Biosciences).

Vaccinia virus

VACYV Western Reserve (WR) and deletion mutants AA49 (19), AB13 (20),
and AB15 (21) (kindly provided by Prof. G. Smith, Cambridge University,
Cambridge, U.K.) were expanded on BSC-1 cells. MVA was expanded in
BHK-21. Viral stocks were purified by saccharose gradient ultracentrifu-
gation. Quantification of PFUs from WR and focus-forming units (FFUs)
from MVA was performed as previously described (22) with MVA stocks
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FIGURE 2. Expansion of phagocyte 3 I
populations in the dLN after BCG and L 5
VACYV infection in the skin. C57BL/6 mice %

were inoculated in the footpad skin with
PBS, BCG (1 X 10° CFUs), or VACV (1 X
10° PFUs). Three days later, single-cell

CD11c—>

suspensions were obtained from the pLN 80000+
and analyzed by flow cytometry. (A) Rep- 5
resentative FACS plots showing frequency © 60000
of different phagocyte populations in each %
group. (B and C) Graph showing total % 400007
numbers for populations in (A). Five ani- E
mals per group were used in each experi- 2 200001
ment. Bars indicate SEM. The asterisk (*) @

denotes statistical significance between -
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statistically significant from PBS controls.

C

200001

cell populations/pLN

quantified in chicken embryo fibroblasts cells, and WR stocks or WR
viral load in LNs were quantified on BSC-1. In some experiments,
VACV was inactivated with UV radiation (i-VACV) by placing the
virus for 2 min in a UV Stratalinker 2400 equipped with 365-nm long-
wave UV bulbs (StrataGene). UV inactivation was confirmed by lack of
cytopathic effect on BSC-1 cells infected with i-VACV for up to 3 d
(data not shown).

Recombinant VACV expressing mycobacterial Ag85B (rVACV-Ag85B)
was constructed using the transient dominant selection method (23, 24).
Briefly, a cassette containing Ag85B from M. tuberculosis (BEI Resources,
Manassas, VA) was cloned in a pUC13 plasmid containing the Escherichia
coli guanylphosphoribosyl transferase (Ecogtp) gene fused in-frame with
the EGFP gene under the control of the VACV 7.5k promoter. The correct
insertion was confirmed by restriction enzyme digestion and Sanger se-
quencing. CV-1 cells were infected with WR VACV at a multiplicity of
infection of 0.1 PFUs and transfected with the constructed plasmid using
TransIT-LT1 in a 2:1 ratio. Progeny virus was harvested after 72 h and used
to infect BSC-1 cells in the presence of mycophenolic acid (25 wg/ml),
hypoxanthine (15 pg/ml), and xanthine (250 wg/ml). EGFP-positive pla-
ques were selected and purified by three rounds of dilution—infection using
BSC-1 cells in the presence of the drugs, as above. Intermediate virus was
resolved in BSC-1 cells by three rounds of dilution—infection in the ab-
sence of the drugs. The genotype of resolved virus was confirmed to ex-
press Ag85B by Sanger sequencing and PCR following proteinase K
treatment of infected BSC-1 cells using primers that anneal to the flanking
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regions of the Ag85B fragment. rVACV-Ag85B was amplified, purified,
and quantified in BSC-1, as described above.

Inoculation of mice

Animals were inoculated in the hind footpad with 30 w1 of PBS containing
(unless otherwise stated) 1 X 10° CFUs of BCG, 1 X 10° PFUs of VACYV, or
1 X 10° FEUs of MVA. i-VACV was used at an amount equivalent to 1 X
10° PFUs before UV-inactivation. Control animals received 30 pl of PBS
only. For footpad conditioning experiments, animals were injected in the
footpad with PBS, VACYV, or i-VACV 24 h before receiving BCG into the
same footpad. For studying gene expression in the skin, mice were inocu-
lated in the ear dermis with 5 pl of PBS containing the same concentration
of mycobacteria or virus as above. Control animals received 5 pl of PBS.
Assessment of cell migration from the footpad skin to the dLN was done
as previously described (3, 25). Briefly, animals previously injected with
vaccine or PBS were injected 24 h before sacrifice in the same footpad
with 30 pl of 0.5 mM CFSE (Invitrogen). For assessing migration after
24 h, CFSE was injected 2 h after vaccine or PBS inoculation. In control
experiments, migration was assessed in response to 1 X 10° PFUs of HSV-1
strain 17 or 100 pg of zymosan (InvivoGen). For studying CD4* Ag-specific
T cell responses, 1 X 10° LN cells from naive P25 TCRTg RAG-1~"~ EGFP
mice were injected i.v. in the tail vein of C57BL/6 recipients in a final
volume of 200 pl. Recipients were infected 24 h later in the footpad with 30
wl of BCG or virus. Control animals received PBS. In footpad conditioning
experiments, recipients received naive T cells as above and were injected in
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FIGURE 3. Skin DCs migrate to dLN in response to IL
i-VACV and MVA. C57BL/6 mice were inoculated in n 5004
the footpad skin with PBS, BCG (1 X 10° CFUs), 6
VACV (1 X 10° PFUs), i-VACV (equivalent to 1X 10° 04
PFUs before inactivation), or MVA (1 X 10° FFUs) 3 days after infection
and subjected to CFSE migration assay as in Fig. 1.
dLN and pLNs were analyzed by flow cytometry 3 d B
postinfection. (A) Total number of CFSE-labeled skin 25007 PBS
DCs is shown. (B) CFSE expression within defined i
subsets of skin DCs based on previously published 3 20001 * W BCG
gating strategy (3, 25) are shown. Four to five animals % 15004 8 VACY
per group were used in each experiment. One of two 5 = MvA
independent experiments is shown. Bars indicate _:'_’ 1000- &
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3 days after infection
the footpad 2 h later with PBS, VACYV, or i-VACV. BCG was given the next Results

day, and animals were sacrificed 3 and 6 d after BCG, respectively.
Generation of single-cell suspensions from tissue

Popliteal LNs (pLNs) were aseptically removed, transferred to micro-
centrifuge tubes containing FACS buffer (5 mM EDTA and 2% FBS in
PBS), and gently homogenized using a tissue grinder. The resulting single-
cell suspension was counted by trypan blue exclusion. In certain experi-
ments, an aliquot was taken and subjected to CFU or PFU determinations as
described above. LN suspensions were otherwise washed in FACS buffer
and stained for flow cytometry. Ears were excised, transferred into TRIzol
reagent (Sigma-Aldrich), and homogenized in a TissueLyser (QIAGEN) for
subsequent RNA extraction, as explained below.

Flow cytometric staining

Single-cell suspensions from pLN were incubated with various combina-
tions of fluorochrome-conjugated rat anti-mouse mAbs specific for CD4
(L3T4), CD11b (M1/70), CD11c (HL3), MHC-II I-A/I-E (M5/114.15.2),
Ly-6G (1A8), VP11 (RR3-15) (BD Biosciences), CD326/EpCAM
(G8.8), CD103 (2E7) (BioLegend), CD64 (X54-5/7), and CD4 (RM4-5)
(eBiosciences) for 45 min at 4°C in FACS buffer containing 0.5 mg/ml
anti-mouse CD16/CD23 (2.4G2) (BD Biosciences). Flow cytometry was
performed on an LSR II with BD FACSDiva software (BD Biosciences).
The acquired data were analyzed on FlowJo software (BD Biosciences).

Real-time TagMan PCR

RNA was extracted from ear homogenates and reverse transcribed into
cDNA using M-MLYV Reverse Transcriptase (Promega). Real-time PCR was
performed on an Applied Biosystems PRISM 7500 Sequence Detection
System (Applied Biosystems) using commercially available primer pairs
and TagMan probes for TNF-a, IL-la, IL-18, CCR7, and GAPDH
(Thermo Fisher Scientific). The relative expression of the above factors
was determined by the 2722 method, in which samples were nor-
malized to GAPDH and expressed as fold change over uninfected, PBS-
injected controls.

Statistical analyses

The significance of differences in data group means was analyzed by
Student ¢ test or ANOVA where appropriate, using GraphPad Prism 8
(GraphPad Software) or JMP (SAS Institute), with a cutoff of p < 0.05. In
some experiments, outliers were excluded from analysis following Grubbs
test for outliers (GraphPad).

Skin DCs migrate to dLN in response to BCG but not VACV

To investigate DC migration in response to VACV, we inoculated
the virus in the footpad skin of C57BL/6 wild-type mice and used a
CFSE fluorochrome-based migration assay to track the movement
of skin DCs to the dLN and pLN (3, 25). We have used this setup in
the past to study early responses to BCG, another live attenuated
vaccine given via the skin and so included BCG in this study as a
comparison with VACV. In line with our previous results (3), BCG
footpad infection triggered migration of skin DCs to the dLN.
However, in stark contrast to BCG, skin DCs did not relocate to
the dLN in response to VACV (Fig. 1). The lack of DC movement
in response to VACV was independent of viral inoculation dose
(Fig. 1A) and the time point at which DC migration was investi-
gated (Fig. 1B). Interestingly, the absence of CFSE labeling in skin
DCs in the dLN of VACV-infected mice was not concurrent with
CFSE labeling in other MHC class II (MHC-IT)* cells or even in
MHC-II-negative populations, suggesting a generalized absence of
cells moving from skin to the dLN in response to the virus (Fig. 1C).

Although migratory skin DCs did not readily relocate to the dLN
in response to VACYV, the infection did provoke a robust inflam-
matory response in the dLN, expanding several phagocyte pop-
ulations (Fig. 2A, 2B). The lack of skin DC migration recorded in
our CFSE assay was in line with a marked decrease in the overall
number of skin DCs (MHC-II"&" CD11c¢**% cells) found in
VACV-infected LN, suggesting a major negative impact of virus
infection on these cells (Fig. 2B). We also observed high surface
expression of CD64 on monocytes and CD11b"€" LN-resident
DCs in the VACV-infected group (Fig. 2A), in which CD11b"e"
LN-resident DCs expressing CD64 were clearly expanded com-
pared with BCG (Fig. 2A, 2C).

VACYV actively inhibits skin DC migration to dLN

Because many of the known immunomodulatory molecules pro-
duced by VACYV require viral replication, we investigated whether
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FIGURE 4. Conditioning the BCG injection site in the skin with VACV mutes DC responses to BCG. C57BL/6 mice were inoculated in the footpad skin
with PBS, VACV (1 X 10° PFUs), or i-VACV (corresponding to a dose of 1 X 10® PFUs before inactivation). Twenty-four hours later, the same footpads
were inoculated with BCG (1 X 10° CFUs), and the CFSE-based migration assay was performed. (A) Total number of CESE-labeled skin DCs in the pLN
3 d after BCG. (B) Recovery of BCG CFUs from the pLN after conditioning with VACV. Before giving BCG, footpads were inoculated 24 h earlier with
PBS (PBS X BCG), VACV (VACV X BCG) or i-VACV (i-VACV X BCGQG). (C) Frequency and total number of P25 TCRTg cells in the pLN 3 and 6 d after
BCG. Naive P25 TCRTg cells were given i.v. to C57BL/6 recipients, which were then conditioned as in (B). Three and 6 d after BCG, pLNs were processed,
and P25 TCRTg cells (EGFP* VB11* CD4") were analyzed by flow cytometry. Five animals per group were used in each experiment. One of two in-
dependent experiments is shown. Bars indicate SEM. The asterisk (*) denotes statistical significance between PBS X PBS controls and vaccine-injected
groups (A); between PBS X BCG and i-VACV X BCG or VACV X BCG groups (B); between PBS X BCG and VACV X BCG groups (C). Expansion of
P25 TCRTg cells is statistically significant in conditioned groups relative to PBS X PBS controls (C).

the absence of DC migration in response to VACV was coupled to
productive infection. We thus exposed VACYV to UV cross-linking
at levels sufficient to ablate viral replication but without abolishing
viral entry into cells (26). Interestingly, inoculation with i-VACV in
the footpad promoted skin DC mobilization to the dLN (Fig. 3A).
Similarly, skin infection with MVA, a highly attenuated VACV lacking
numerous immunomodulators that infects but fails to assemble new

virions in mammalian cells (27), also triggered DC migration to the
dLN (Fig. 3A). These results indicate that replication-competent
VACYV actively blocks skin DC migration. Similar to BCG (3, 28),
EpCAM™ CD11b"" DCs were the main DC subpopulation mi-
grating in response to i-VACV and MVA (Fig. 3B).

Consistent with a potent suppressive effect on skin DC migra-
tion, conditioning the footpad with VACYV prior to injecting BCG in
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FIGURE 5. Enhanced mRNA expression of proinflammatory mediators associated with BCG-triggered DC migration are absent from virus-infected
skin. C57BL/6 mice were inoculated intradermally in the ear with PBS, BCG (1 X 10° CFUs), VACV (1 X 10° PEUs), i-VACV (equivalent to 1 X 10°
PFUs before inactivation), or MVA (1 X 10°® FFUs). Ears were removed 24 h postinfection and subjected to RNA extraction and cDNA synthesis. The
mRNA accumulation of TNF-a, IL-1a, IL-1B, and CCR7 relative to GAPDH was determined by real-time TagMan PCR, and the fold change of infected
animals over PBS controls was calculated. Data pooled from three independent experiments (including 15-38 samples per group) are shown. Bars indicate
the SEM. The asterisk (¥) denotes statistical significance between PBS- and vaccine-injected groups.

the same footpad completely blocked skin DC migration to BCG
(Fig. 4A). As expected, the absence of skin DCs entering the dLN
was associated with a massive reduction in BCG detected in the
dLN (Fig. 4B). DC migration was not impaired when conditioning
was done with i-VACV (Fig. 4A). Rather, the number of moving
DCs was increased in the i-VACV-conditioned group (Fig. 4A),
although BCG entry itself was slightly lower in this group com-
pared with controls conditioned with PBS instead of virus
(Fig. 4B). In line with muted DC responses and BCG transport to
the dLN, VACV conditioning also delayed the priming of myco-
bacterial Ag85B-specific P25 TCRTg cells in the dLN (Fig. 4C).
Overall, these experiments suggest a carry-over of the DC
migration-dampening properties of VACV to a secondary chal-
lenge with BCG.

Enhanced mRNA expression of inflammatory mediators
associated with BCG-triggered DC migration is absent from
the skin of VACV-infected mice

Next, we compared local changes at the site of infection fol-
lowing inoculation with either vaccine. Transcription of the
proinflammatory cytokines TNF-a, IL-1a, and IL-1 was clearly
detected in the skin 24 h after BCG infection (Fig. 5), corroborating
our previous data on a role for IL-1R signaling in regulating DC
migration to BCG (3). On the contrary, enhanced expression of
TNF-a and IL-1 was absent in response to VACV (Fig. 5). Inter-
estingly, the same was also observed in response to i-VACV and
MVA (Fig. 5). Furthermore, expression of the LN-homing chemo-
kine receptor CCR7 was high in the skin postinfection with BCG
and MVA but not VACV or i-VACV (Fig. 5), suggesting differences
between i-VACV and MVA, although both trigger skin DC
migration.

VACV is detected early in dLN postinfection in the skin and
primes Ag-specific CD4* T cells

Although DC migration was blocked in response to VACYV, the
virus was detected in the dLN as early as 10 min postinfection in
the footpad skin, and levels remained steady over time (Fig. 6A).
The kinetics of this response was different and notably faster than
the entry of BCG into the dLN (Fig. 6B), which is reliant on DC
transport (3). To compare priming of CD4™ T cells to VACV and
BCG using the same tool, we engineered rVACV-Ag85B, and used
P25 TCRTg cells to gauge T cell priming in the dLN after footpad
infection. BCG and rVACV-Ag85B but not VACV expanded P25

TCRTg cells in the dLN (Fig. 6C, 6D). This reveals that the
amount of VACV that relocates to the dLN in the absence of DC
transport is clearly sufficient to expand Ag-specific CD4" T cells
in the dLN.

Discussion

VACY infects a variety of cell types in the skin, including kera-
tinocytes and epidermal and dermal DCs (29). The virus is in-
triguing, given that it carries a diverse immunosuppressive arsenal
but remains highly immunogenic. Concurrent with this complex-
ity, the outcome of DC-VACYV interactions remains incompletely
understood. The fate of the virus and its transport to the dLN for
Ag presentation are matters of interest, given that attenuated or
recombinant VACV is often considered as a vaccine vector,
oncolytic agent, and tool for Ag delivery. We report that VACV
profoundly inhibits the ability of skin DCs to mobilize to the dLN.
This inhibition is dependent on viral replication and capable of
dampening DC migration to a subsequent challenge with BCG.
VACYV can nevertheless relocate to the dLN in the absence of DC
mobilization and prime CD4* T cells. Our study supports recent
observations that LN conduits transport VACV to the dLN for
T cell priming (12). We also add to a large body of data on the
immunosuppressive properties of VACV (16) and extend these to
include virus-mediated inhibition of skin DC migration.

VACYV can infect DCs but undergoes abortive replication (30—
33). That said, VACYV infection is known to have many negative
effects on DC function. For instance, the virus can inhibit ex-
pression of DC costimulatory molecules and cytokines (30, 32,
33). Splenic DCs isolated from VACV-infected mice express
less MHC-II and have lower Ag presentation capacity (34). We
find lower expression of MHC-II on migratory skin DCs from
the dLN of both VACV- and BCG-infected mice (Supplemental
Fig. 1A). VACV and MVA can induce apoptosis in DCs (34).
Although we did not investigate virus-induced DC death in our
studies, the frequency of migratory skin DCs in the dLN of
VACV-infected mice was similar to that of PBS-injected con-
trols (Fig. 2A, Supplemental Fig. 1B). This speaks against mas-
sive DC death in the skin, which would lower the availability of
migratory DCs in the skin and consequently the frequency of
these DCs in the dLN. Results from our migration assay point
instead to an impediment of skin DC traffic to the dLN during
VACYV infection.
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FIGURE 6. VACYV is detected early in dLN postinfection in the skin and leads to priming of CD4" T cells. (A and B) C57BL/6 mice were inoculated in
the footpad skin with VACV (1 X 10° PFUs) or BCG (1 X 10° CFUs). Viral (A) and mycobacterial (B) loads in pLN were determined at different time
points postinfection. (C and D) Frequency of P25 TCRTg cells in pLN after footpad infection with BCG or rVACV-Ag85B. Naive P25 TCRTg cells were
given i.v. to C57BL/6 recipients, which were infected 24 h later in the footpad skin with PBS, BCG (1 X 10° CFUs), VACV (1 X 10° PFUs), or rVACV-
Ag85B (1 X 10° PFUs). Three days postinfection, pLNs were processed, and P25 TCRTg cells (EGFP* VB11* CD4") were analyzed by flow cytometry.
Five animals per time point and group were used in each experiment. One of two independent experiments is shown. Bars indicate SEM. The asterisk (*)

denotes statistical significance between PBS- and vaccine-injected cohorts.

Both VACV and MVA have previously been shown to inhibit
migration of human monocyte-derived DCs toward CCL19 by
interfering with CCR7 signaling rather than surface expression of
the receptor (35). Although we did not formally investigate this in
our model, inhibition of CCR7 signaling by VACV could be a
possible explanation for impaired DC migration. Indeed, we ob-
served muted influx of skin DCs and BCG into the dLN when the
injection site in the footpad skin was preconditioned with VACV.
Thus, the suppressive effect of VACV on DC migration was robust
enough to interfere with DC movement triggered by a secondary
stimulus (BCG). Interestingly, conditioning with i-VACV doubled
the number of migratory skin DCs reaching the dLN without
enhancing the entry of BCG. We speculate that migration elicited
by inactivated virus depleted skin DC pools available for BCG
transport, contributing, in turn, to the delayed priming of BCG-
specific CD4* T cells noted in this setting.

VACYV also blocked skin DC migration in response to a subsequent
challenge with zymosan (Supplemental Fig. 2A), suggesting that
this VACV-inhibitory effect is a more general phenomenon of skin

infection with VACV. That said, this does not apply broadly to
viral infections in the skin. There is a large body of data on the
enveloped DNA viruses HSV-1 and HSV-2 showing that they
trigger DC migration from skin (HSV-1) or the vaginal mucosa
(HSV-2) to the dLN (36-39). Skin DC migration is also observed
in response to the enveloped RNA viruses Semliki Forest virus and
West Nile virus and the nonenveloped DNA virus adenovirus (40,
41). In these studies, DC migration was investigated mainly by
FITC skin painting. We also confirm the ability of HSV-1 to
trigger skin DC migration to the dLN in our footpad infection
model that uses a CFSE injection-based migration assay
(Supplemental Fig. 2B). VACV conditioning also blocked HSV-
1-triggered DC migration (Supplemental Fig. 2B), in line
with the VACV-inhibitory effect being a more general
phenomenon.

Interestingly, respiratory infection with VACV has been shown
to mobilize lung DCs to the dLN, and these lung-migratory DCs
can also prime CD8* T cells (42). Our study focused on DC mi-
gration in skin and, as such, did not investigate migration at other
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sites. Similar observations of bona fide DC migration from lung to
the dLN have nevertheless been made in response to influenza
virus (42—47), respiratory syncytial virus (48), and Sendai virus
(49), supporting lung DC migration during virus respiratory in-
fections. Thus, we propose that the DC migration-blocking effect
of VACV in our model is a general phenomenon of VACV in-
fection targeted to the skin. This is an important consideration for
the future use of VACV vectors in vaccines and Ag delivery
applications.

Enhanced mRNA accumulation of TNF-«, IL-1, and CCR7 in
the skin was accompanied by skin DC migration in response to
BCG but not VACV. Infection with VACV deletion mutants AA49,
AB13, and AB15, which lack molecules that inhibit NF-kB,
caspase-1, and IL-1, respectively, did to provoke DC migration
(Supplemental Fig. 3), revealing, at least, that deletion of these
specific molecules from VACV could not rescue the migration
phenotype observed in our model. The contribution of IL-1R sig-
naling to BCG-triggered migration is partial (3), so additional
factors must regulate this process. During M. tuberculosis infection,
IFN-a/f has been shown to block IL-1 production from myeloid
cells (50). Whether the lack of IL-1 expression in VACV-infected
skin or VACYV inhibition of skin DC migration is coupled to IFN-
o/P remains to be determined. Evaluating cytokine expression and
DC migration in IEN-o/BR ™ mice may help clarify this point.

Both i-VACV and MVA promoted migration of skin DC subsets
that also relocate in response to BCG, but to our surprise, neither
virus triggered the inflammatory transcription profile seen with
BCG in the skin. It is possible that i-VACV and MVA trigger skin
DC migration by different pathways. Indeed, enhanced CCR7
mRNA accumulation was observed with BCG and MVA but not
with i-VACV. CCR7 expression is not an obligatory predictor of DC
migration, and both CXCR4 and CXCRS5 have been reported to
guide DCs from the skin to the dLN (51, 52). Also, accumulation of
migratory skin DCs in the dLN is not inhibited by footpad in-
fection with the mouse-pathogenic poxvirus ectromelia (53),
suggesting that blockade of DC migration by orthopoxviruses
cannot be explained by virulence alone.

Although VACV did not induce transcription of proinflammatory
cytokines in the skin, it did unleash a profound inflammatory in-
filtrate in the dLN. CD169" subcapsular sinus (SCS) macrophages
are directly exposed to afferent lymph-borne particulates and thus
form a strategic line of defense in the dLN against free-flowing
viruses, including VACYV, preventing systemic viral spread (54).
Previous studies confirm VACYV infection of SCS macrophages (9,
55). In addition, MVA triggers inflammasome activation in SCS
macrophages that leads to the recruitment of inflammatory cells
into the LN (56). We observed an expansion of MHC-II*
CD11c"&" CD11b"e" cells expressing CD64 in VACV-infected
dLN. Although MHC-II* CD11c"2" cells are generally recog-
nized as LN-resident DCs, a network of macrophages with similar
markers has recently been described in the LN paracortex during steady
state (57). CD64" DCs have also been observed in the dLN during
Listeria infection, where they expand in response to IFN-a/ (58).

Migratory skin DCs are tasked with the transport of microbes and
their Ags to the dLN and thus play a central role in priming T cells
in the dLN postinfection or vaccination in the skin. In our study,
VACV reached the dLN without mobilizing skin DCs, whose
migration was blocked by the virus. Using a novel recombinant
VACYV, rVACV-Ag85B, we confirmed using P25 TCRTg cells that
the virus is still clearly capable of priming Ag-specific CD4™ T cells
in the dLN. This provides evidence for migratory skin DC-
independent priming of CD4* T cells during vaccination with a
live attenuated vaccine. We speculate that DC-independent virus
relocation occurs by VACV gaining direct access to lymphatic
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vessels. Previous studies show that VACV appear in the dLN within
a few minutes after injection in the skin (9-12). We also report the
virus in the pLN just minutes after inoculation in the footpad. This
rapid relocation of virus to the dLN is in favor of direct viral access
to lymphatics after skin infection. The rVACV-Ag85B developed
for our studies may be a useful tool for mechanistic dissection of
CD4" T cell responses to heterologous Ags in the context of VACV
vaccination. Indeed, the fate of DC transport-independent VACV in
the LN paracortex, its interactions with APCs at this site, and the
quality of ensuing CD4" T cell priming are topics that merit further
investigation and are likely to contribute to the development of
novel vaccine-based counter-measures against infection and cancer.
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