L] AMERICAN Journal of
SOCIETY FOR ; ®
— MICROBIOLOGY Verlogy

PATHOGENESIS AND IMMUNITY

L)

Check for
updates

The Virulence of Different Vaccinia Virus Strains Is Directly
Proportional to Their Ability To Downmodulate Specific Cell-

Mediated Immune Compartments /n Vivo

Lorena F. D. de Freitas, Rafael P. Oliveira,® Mariana C. G. Miranda,< Raissa P. Rocha,® Edel F. Barbosa-Stancioli,2

Ana Maria C. Faria,c Flavio G. da Fonseca?

aLaboratério de Virologia Basica e Aplicada, Departamento de Microbiologia, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, MG,

Brazil

PInstituto Federal do Parand, Palmas, PR, Brazil

“Departamento de Bioquimica e Imunologia, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil

ABSTRACT Vaccinia virus (VACV) is a notorious virus for a number of scientific rea-
sons; however, most of its notoriety comes from the fact that it was used as a vac-
cine against smallpox, being ultimately responsible for the eradication of that dis-
ease. Nonetheless, many different vaccinia virus strains have been obtained over the
years; some are suitable to be used as vaccines, whereas others are virulent and un-
suitable for this purpose. Interestingly, different vaccinia virus strains elicit different
immune responses in vivo, and this is a direct result of the genomic differences
among strains. In order to evaluate the net result of virus-encoded immune evasion
strategies of vaccinia viruses, we compared antiviral immune responses in mice in-
tranasally infected by the highly attenuated and nonreplicative MVA strain, the at-
tenuated and replicative Lister strain, or the virulent WR strain. Overall, cell re-
sponses elicited upon WR infections are downmodulated compared to those elicited
by MVA and Lister infections, especially in determined cell compartments such as
macrophages/monocytes and CD4+ T cells. CD4" T cells are not only diminished in
WR-infected mice but also less activated, as evaluated by the expression of costimu-
latory molecules such as CD25, CD212, and CD28 and by the production of cyto-
kines, including tumor necrosis factor alpha (TNF-a), gamma interferon (IFN-v),
interleukin-4 (IL-4), and IL-10. On the other hand, MVA infections are able to induce
strong T-cell responses in mice, whereas Lister infections consistently induced re-
sponses that were intermediary between those induced by WR and MVA. Together,
our results support a model in which the virulence of a VACV strain is proportional
to its potential to downmodulate the host’s immune responses.

IMPORTANCE Vaccinia virus was used as vaccine against smallpox and was instru-
mental in the successful eradication of that disease. Although smallpox vaccination
is no longer in place in the overall population, the use of vaccinia virus in the devel-
opment of viral vector-based vaccines has become popular. Nonetheless, differ-
ent vaccinia virus strains are known and induce different immune responses. To
look into this, we compared immune responses triggered by mouse infections
with the nonreplicative MVA strain, the attenuated Lister strain, or the virulent
WR strain. We observed that the WR strain was capable of downmodulating
mouse cell responses, whereas the highly attenuated MVA strain induced high
levels of cell-mediated immunity. Infections by the intermediately attenuated
Lister strain induced cell responses that were intermediary between those in-
duced by WR and MVA. We propose that the virulence of a vaccinia virus strain
is directly proportional to its ability to downmodulate specific compartments of
antiviral cell responses.
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accinia virus (VACV) is the prototypic member of the Poxviridae family, which

encompasses complex DNA viruses that replicate in the cell cytoplasm of many
different hosts. VACV is an emblematic virus for a number of scientific and virological
reasons; nonetheless, the virus has earned most of its notoriety from the fact that it was
used as a vaccine against smallpox and, therefore, was directly responsible for the
eradication of that disease. This was only possible due to the genomic and antigenic
similarities between variola virus and VACV, so people infected by the latter became
immunogenically protected against the former. Cowpox virus, another close relative of
variola virus and VACV, was originally utilized by Edward Jenner on his early quest for
protection against smallpox. Later on, cowpox was replaced by VACV as a smallpox
immunogen, albeit exactly how this happened is a subject of debate. Equally uncertain
is the biological origin of VACV, although studies have suggested that the virus may
have been derived from a horsepox-like virus ancestor (1). As a vaccine against
smallpox, VACV was distributed all over the world and was cultivated in the skin of
horses, cattle, and sheep as well as in embryonated chicken eggs, depending on the
locality, resulting in the appearance of different strains as viruses evolved and adapted
to different biological settings. Different strains were given different names, reflecting
the country/locality and/or health agency in/by which the virus was propagated (2, 3).

The highly attenuated modified vaccinia virus Ankara (MVA) strain was obtained
after passing the chorioallantoid vaccinia virus Ankara (CVA) strain approximately 570
times in primary chicken embryo fibroblasts (CEFs). As a result of the adaptation
process, the virus lost about 30 kb of its DNA and became unable to replicate in most
mammalian cells (4, 5). Sequencing of the virus’ genome and comparison to other VACV
strains revealed that DNA losses included genes related to host immune regulation,
immune evasion, and host range (6, 7). Nonetheless, the block in the MVA replication
cycle occurs at relatively late stages of virion assembly and maturation, and therefore,
the virus expresses early, intermediate, and late viral genes as well as any recombinant
gene placed under the control of such promoters, natural or synthetic (8, 9). Due to
these characteristics, MVA is considered extremely safe and was used as a vaccine
during the smallpox eradication campaign (5). The VACV Lister strain (VACV-LST),
developed at the Lister Institute in the United Kingdom, is a vaccine strain that was
used throughout the globe during the smallpox vaccination years. In fact, VACV-LST is
considered the most widely distributed smallpox vaccine at that time, being used in the
Americas, Europe, Africa, and Asia (2, 10). Like MVA, VACV-LST is significantly attenuated
and apparently caused fewer adverse events than other smallpox vaccines available at
the time of the smallpox eradication campaign (10). Different from MVA, however,
VACV-LST is able to fully replicate within humans and other mammalian hosts. The
VACV Western Reserve (VACV-WR) strain originated from repeatedly passing the VACV
New York City Board of Health (NYCBH) strain in rabbits, mice, and diverse cell cultures.
Adaptation to these hosts rendered VACV-WR highly neuropathogenic to mice and able
to replicate to high titers in different mammalian tissues, making it unsuitable to be
used as a vaccine (2, 11). Nevertheless, VACV-WR became the model virus for most
studies concerning aspects of VACV and poxvirus biology.

Based on the success of the smallpox eradication program, the relative ease of
making recombinant VACVs, the large genome capacity of all poxviruses, and their
ability to accommodate heterologous genes, the idea of using recombinant VACVs to
protect against heterologous pathogens grew over the past decades. The excellent
safety record of some VACV vaccine strains, especially MVA, has turned them into
natural candidates in the development of recombinant viral vectors. Indeed, MVA-
based vectored vaccines against important infectious diseases have been described
(12), including HIV (13-15), malaria (16), tuberculosis (17, 18), and Ebola virus (19), and
therapeutic anticancer vaccines have also been described (20-22).
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The ability of poxviruses to modulate, evade, and counteract host immune re-
sponses is largely recognized, and many proteins encoded by VACV and other poxvi-
ruses are known to affect particular compartments of host immunity, including the
interferon (IFN) system, cytokine and chemokine signaling, complement, and more (23).
Despite all these immune evasion mechanisms, poxvirus infections induce both innate
and adaptive immune responses in hosts. Studies aiming to dissect the individual
contribution of each arm of the immune system to protection against poxvirus infec-
tion revealed that CD4* T-cell-dependent humoral responses are key for virus clear-
ance, whereas CD8* T-cell responses mediate protection upon reinfection (24). Nev-
ertheless, how much do the immune evasion mechanisms encoded by VACV and other
poxviruses contribute globally to the downmodulation of the host immune response to
them? The individual contributions of poxvirus-encoded immune evasion-related pro-
teins have been extensively studied by employing, for instance, deletion mutants;
however, the combined effect of all encoded mechanisms of immune interference is far
less understood. In order to look into this, we investigated mouse immune responses
triggered by three different VACV strains presenting various degrees of virulence: the
nonreplicative MVA strain, the replicative vaccine strain VACV-LST, and the virulent
VACV-WR strain. We observed that monocyte/macrophage (CD14* cells) and CD4*
T-cell activation seem to be significantly downmodulated in animals infected with
VACV-WR but not in MVA-infected mice, whereas CD8* T-cell downmodulation by any
strain is apparently less obvious. In most experiments, infection with the intermediately
virulent VACV-LST strain rendered an intermediate downmodulation profile between
those observed in MVA- and VACV-WR-infected animals. Thus, our results revealed a
pattern of global downmodulation of immune responses that is directly proportional to
the virulence of each VACV strain.

RESULTS

Clinical signs in infected mice. All animals infected intranasally (i.n.) with VACV-WR
developed clinical signs such as weight loss, piloerection, arched backs, swelling in the
face, and conjunctivitis, starting on days 6 and 7 postinfection (p.i.). About 30% of
WR-infected animals died on days 10 and 11 p.i. As for the VACV-LST- or MVA-infected
animals, no clinical signs were observed, and all mice were physically similar to control
animals inoculated with phosphate-buffered saline (PBS) until day 14, when they were
euthanized. Animals inoculated intraperitoneally (i.p.) presented a similar clinical pat-
tern, according to each virus, albeit signs of infection in animals that developed disease
seemed to be delayed in relation to those in animals inoculated through the nasal
route. Such observations are congruent with those of many other similar studies (for an
example, see reference 25).

Anti-VACV antibody production in infected animals. To verify the production of
anti-VACV antibodies, sera from intranasally inoculated animals were subjected to an
enzyme-linked immunosorbent assay (ELISA). VACV-specific antibodies were detected
in the sera of infected animals from all groups, compared to the absorbance values
obtained for the mock-infected (uninfected) control group. Animals infected with
VACV-WR showed a significantly higher level of production of antibodies than all other
groups. Infection with VACV-LST induced an intermediate pattern of humoral response,
with antibody levels that were higher than antibody levels in MVA-inoculated animals
but lower than what was observed in mice infected with VACV-WR. MVA-inoculated
mice generated anti-VACV antibody levels that were higher than those of the unin-
fected controls; however, antibody amounts in this group were significantly smaller
than those obtained from animals infected with replicative VACVs (Fig. 1).

Analysis of splenic immune cell subsets during VACV infection. Analyses of the
mean frequencies (percentages) of T and B lymphocytes, NK cells, and monocytes were
performed on splenocytes of mice 14 days after infection through the intranasal route.
Although there were no significant differences in the frequencies of total T lymphocytes
(CD3*) among all groups, the CD4* and CD8* T-cell subsets showed different fre-
quencies between groups. Animals infected with VACV-WR presented a marked de-
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FIG 1 Anti-VACV antibody generation upon mouse infection with different VACV strains. Anti-vaccinia
virus total antibodies were measured by an ELISA in serum of mice inoculated with PBS, VACV-WR, MVA,
or VACV-LST. Bars represent the means =+ standard errors of the values obtained for each group of mice
(n = 7). Different letters indicate statistical differences (P < 0.05) between groups. For better visualization
and orientation, colorful virus cartoons represent virus-infected groups in all figures (red, VACV-WR; blue,
VACV-LST; orange, MVA). OD, optical density.

crease in the frequency of CD4* T lymphocytes and an increased frequency of CD8*
T cells compared to the uninfected control group and the MVA group (Table 1). In order
to see whether these phenomena could be observed in animals inoculated through a
different route of infection, we infected mice intraperitoneally using same amount of
viruses as described above. In this case, route-dependent differences were detected
when results were compared to those for mice infected through the nasal cavity (Fig.
2). In this case, CD4™* T-cell levels in VACV-infected mice, regardless of the virus strain,
were similar to those of the uninfected controls (Fig. 2a). As for CD8* T cells, a
significant decrease was detected in MVA-infected mice, whereas infections with the
replicative VACVs showed no difference in relation to the uninfected controls (Fig. 2b).

Animals infected with VACV-WR through the nasal route showed a significant
decrease in the frequency of macrophages compared to uninfected and MVA-infected
mice (Table 1). The frequencies of B and NK cells were not statistically different among
groups (Table 1). These results may suggest an ability of VACV-WR to suppress specific
compartments of the adaptive immune response in infected hosts, something that has
been described previously during infections with circulating and virulent strains of
VACV (26). The global frequencies of T cells, B cells, NK cells, and monocytes/macro-
phages in the MVA-inoculated group were not different from those observed in the
uninfected mice when infection was done through the intranasal route. (Table 1).
Finally, cell frequencies in the VACV-LST group were intermediate between those seen
in VACV-WR- and MVA-infected animals, independently of the route of infection. For
instance, the observed CD4* T-lymphocyte frequencies in VACV-LST-infected animals
were higher than the frequencies in VACV-WR-infected mice but lower than the
frequencies in the MVA-infected and mock-infected groups. Nevertheless, CD4* T-cell
frequencies in the VACV-LST group were statically different only compared to the
MVA-infected animals (Table 1). Similar results were obtained when macrophages and
monocytes (CD14™ cells) were analyzed. On the other hand, CD8* T-cell frequencies in

TABLE 1 Mean frequencies of T (CD3*, CD4*, and CD8*) and B (CD197) lymphocytes, NK
cells (CD3~ CD49%), and monocytes (CD14 ") on splenocytes from noninfected mice or
animals intranasally infected by vaccinia virus

Frequency (%) of cell phenotype“

Group CD3+ CD4+ CD8+ CD19+ CD3~ CD49+ CD14+
PBS 43.7 27.0 (bc) 13.9 (a) 50.0 4.5 2.5 (a)
WR 414 23.2 (a) 17.3 (9 48.7 43 1.8 (b)
LST 411 25.4 (ab) 15.7 (bc) 49.1 4.5 2.2 (ab)
MVA 415 29.2 (o) 14.4 (ab) 47.9 4.1 2.4 (a)

aDifferent letters indicate statistical differences (P < 0.05) between groups (n = 7).
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FIG 2 Mean frequencies of T lymphocytes, macrophages/monocytes, and NK cells on splenocytes from
noninfected mice or animals intraperitoneally infected by vaccinia virus. Splenocytes from mice eutha-
nized at 14 days p.i. were analyzed by flow cytometry, and lymphocytes were gated based on forward
scatter (FSC) and side scatter (SSC). (a and b) Fluorochrome-labeled antibodies were used to detect the
surface markers CD3, CD4 (CD4* T lymphocytes) (a), CD8 (CD8* T lymphocytes) (b), and CD49 (NK cells)
(d). (c) Granulocytes were gated based on FSC and SSC, and macrophages/monocytes were identified
according to the presence of the CD14 surface marker. Bars represent the means * standard errors of
each cell phonotype frequency within the gated population. Different letters indicate statistical differ-
ences (P < 0.05) between groups (n = 7 per group). For better visualization and orientation, colorful virus
cartoons represent virus-infected groups in all figures (red, VACV-WR; blue, VACV-LST; orange, MVA).

the VAVC-LST group were higher than those observed for the MVA- or mock-infected
animals but were lower than those of the VACV-WR group after intranasal infection.

A different picture appeared when animals were infected through the intraperito-
neal route. In this case, animals infected with replicative VACVs showed amounts of
macrophages in the spleen that were not statistically different from those in uninfected
controls, whereas MVA-infected animals produced fewer detected CD14™* cells (Fig. 2c).
As for the NK cells, infection with VACV-WR produced an increased amount of CD3~
CD49+ cells in the spleen, whereas the other infections yielded results that were not
significantly different from those for the mock-infected group (Fig. 2d). Total frequen-
cies of B cells in the VACV-inoculated groups were not different from those observed
in the uninfected mice (not shown).

Immunophenotyping of macrophages, NK cells, and lymphocytes. To further
investigate how the different VACV strains modulate the immune system, we analyzed
the activation profiles of several cell subsets in the spleens of infected mice. This was
done through the evaluation of the presence of costimulatory molecules as activation
markers. For example, the expression of CD80 and CD86 was evaluated as being
indicative of CD14+ cell activation. Analyses of costimulatory molecules on monocytes/
macrophages were performed by calculating the mean fluorescence intensity (MFI) in
antibody-labeled cell preparations. The average expression level of CD86 was lower in
macrophages from animals infected with VACV-WR than in the group infected with
MVA when viruses were inoculated through the intranasal route of infection (Fig. 3a).
Although not statistically supported, the MFI value for CD14* CD86% cells in VACV-
LST-infected animals was intermediary between those in VACV-WR- and MVA-infected
mice. There was no statistical difference among all groups regarding the expression of
the CD80 molecule (data not shown).

As observed for the total cell counts, the activation of CD14* cells in animals
inoculated intraperitoneally showed a different pattern. MVA-infected mice produced
fewer CD14™ CD86™ cells than mice infected with the replicative VACVs (Fig. 3b).
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FIG 3 Expression of the CD86 activation marker in monocytes/macrophages from VACV-infected or
uninfected mice. Splenocytes from mice euthanized at 14 days p.i. were incubated with fluorochrome-
labeled antibodies to detect the expression of CD14 and CD86 molecules on cell surfaces by flow
cytometry. Splenocytes were from intranasally (a) or intraperitoneally (b) infected mice. Bars represent
the means = standard errors of the mean fluorescence intensity (MFI) values of costimulatory molecules
on macrophages (a) or the means = standard errors of each cell phenotype frequency within the gated
population (b). Different letters indicate statistical differences (P < 0.05) between groups (n = 7). For
better visualization and orientation, colorful virus cartoons represent virus-infected groups in all figures
(red, VACV-WR; blue, VACV-LST; orange, MVA).

Nonetheless, CD14™ CD86% results for the infected groups were not statistically
different from those seen in the uninfected control group. At this point, it was clear that
patterns of immune modulation were different for the same viruses when inoculated
through the two different routes of infection. The observed differences could be
explained by the different virological and immunological dynamics in the two infection
models. Orthopoxviruses use the lungs as a primary replication organ both in natural
infections as well as after experimental inoculations (25, 27-31), whereas intraperito-
neal infection is a rather artificial route of virus entry. Because these viruses do not use
the abdominal cavity as a port to the host, they may have not evolved strategies to
cope with the particularities of the host immune system at this site and consecutive
lymphoid tissues. For this reason, we decided to focus solely on analyses of immune
responses after intranasal infections with the different VACV strains.
Macrophages/monocytes, as well as dendritic cells (DCs), are key players in the
activation of adaptive immune responses, working as antigen-presenting cells (APCs).
Moreover, monocytes/macrophages have been shown to be essential in the control of
Ectromelia virus (ECTV) infection in mice (ECTV is a close relative of VACV within the
Orthopoxvirus genus) (32). Considering that we observed a virus-driven modulation of
macrophage activation during infection through the intranasal route, we decided to
analyze macrophage-lymphocyte linking molecules in this model of infection. The
CD28 costimulatory molecule is a CD80 and CD86 ligand on T cells and is an effective
costimulatory signal for T-cell activation (33). Indeed, decreased CD86 expression
correlated with diminished CD28 expression on CD4™" (Fig. 4a) and CD8* (Fig. 5a)
lymphocytes in VACV-WR-infected animals. On the other hand, MVA-inoculated mice
showed no alterations in the frequency of CD4* CD28* or CD8+ CD28* cells compared
to the uninfected group. As for the VACV-LST-infected mice, an intermediary pattern
between the VACV-WR and MVA groups was, once again, observed (Fig. 4a and Fig. 5a).
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FIG 4 Expression of activation markers and Foxp3 in CD4* T cells from VACV-infected or uninfected mice.
Mice were infected intranasally, and splenocytes obtained at 14 days p.i. were incubated with
fluorochrome-labeled antibodies to detect the expression of CD28 (a), CD212 (b), CD25 (c and d), and
Foxp3 (d) in CD4* T cells. In panel a, bars represent the means = standard errors of the mean
fluorescence intensity (MFI) values of costimulatory molecules on CD4* lymphocytes; in panels b to d,
bars represent the means =+ standard errors of each cell phenotype frequency compared to the total
number of lymphocytes. Different letters indicate statistical differences (P < 0.05) between groups
(n = 7). For better visualization and orientation, colorful virus cartoons represent virus-infected groups in
all figures (red, VACV-WR; blue, VACV-LST; orange, MVA).

Next, we decided to further evaluate the activation status of other specific immune
cell subsets in the animals infected through the nasal route. When we analyzed CD4"
T cells expressing the interleukin-12 (IL-12) receptor (CD212), we found a reduced
frequency in animals infected with VACV-WR compared to the group of mice infected
with MVA (Fig. 4b). The expression of CD212 in CD4* T cells of VACV-WR-infected
animals was also apparently decreased compared to the same cells from VACV-LST-
infected or uninfected mice, although this was not statistically supported. The general
profiles of CD8* CD212+ T cells among all groups were similar to those observed for
CD4* CD2127 cells; however, there was no statistical difference between groups (data
not shown). Next, we examined the expression of other immune activation cell surface
markers. In all groups, the expression of CD69, a type C lectin expressed in recently
activated cells, was not significantly altered on NK or CD4™* T cells of infected mice (data
not shown). As for CD8* T cells, only infection with VACV-LST induced an expression of
CD69 that was statistically different from those in the other groups (Fig. 5¢).

Finally, we further evaluated the presence of two other activation markers in T cells
from VACV-infected and uninfected mice. First, we looked for the presence of CD62L,
an L-selectin that is present on naive T cells and is lost upon T-cell activation. Next, we
looked at CD25, the alpha chain of the IL-2 receptor, which is highly expressed upon
T-cell activation (34). Compared to all other groups, VACV-WR-infected animals pre-
sented an increase in the frequency of CD8+ CD62L~ cells, suggesting an augmented
recruitment of naive T cells that became negative for this L-selectin (Fig. 5b). On the
other hand, mice from the VACV-WR group showed decreases in the frequencies of
both CD4* (Fig. 4c) and CD8™* (Fig. 5d) T cells expressing CD25, and this tendency was
also observed in animals infected through the peritoneum, although this was not
statistically supported in the latter case (data not shown). A decrease in regulatory T-cell
(CD4+ CD25% Foxp3™) frequencies was observed after intranasal infection with
VACV-WR compared to the other groups (Fig. 4d), although no statistical differences
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FIG 5 Expression of activation markers in CD8" T cells from VACV-infected or uninfected mice. Mice were
infected intranasally, and splenocytes obtained at 14 days p.i. were incubated with fluorochrome-labeled
antibodies to detect the expression of CD28 (a), CD62L (b), CD69 (c), and CD25 (d) in CD8* T cells. In
panel a, bars represent the means = standard errors of the mean fluorescence intensity (MFI) values of
costimulatory molecules on CD8* lymphocytes; in panels b to d, bars represent the means * standard
errors of each cell phenotype frequency compared to the total number of lymphocytes. Different letters
indicate statistical differences (P < 0.05) between groups (n = 7). For better visualization and orientation,
colorful virus cartoons represent virus-infected groups in all figures (red, VACV-WR; blue, VACV-LST;
orange, MVA).

were observed between VACV-WR- and VACV-LST-infected mice. As described above, T
cells from MVA-infected mice presented no alterations in CD25 and Foxp3 expression
compared to the uninfected group, whereas cells from the VACV-LST group presented
an intermediate activation profile between the VACV-WR and MVA/uninfected groups,
although this was not always statistically supported.

Lymphocyte cytokine production analysis. To investigate the production of
cytokines by T lymphocytes from mice intranasally infected by different VACV strains,
harvested splenocytes were stimulated with viral antigens (UV-inactivated VACV-WR)
and analyzed by flow cytometry employing intracellular cytokine staining (ICS) assays.
The frequency of tumor necrosis factor alpha (TNF-a)-producing CD4* and CD8* T
lymphocytes in VACV-WR-infected animals was consistently lower than that of cells
from uninfected animals and was also lower than that in mice infected with MVA and
VACV-LST. In the case of CD4" T cells producing TNF-«, however, there was no
statistically significant differences between the VACV-WR- and VACV-LST-infected
groups, and both replicative VACV strains seem to have induced a decrease in TNF-«
production in CD4* T cells in relation to uninfected animals and MVA-infected mice
(Fig. 6a). When we looked at the production of other cytokines (gamma interferon
[IFN-v], IL-4, and IL-10) by T cells from VACV-infected or uninfected mice, similar
patterns were detected. In most cases, frequencies of T cells producing cytokines were
lower in splenocytes from VACV-WR-infected animals than in animals infected with
other VACVs and mock-infected controls (Fig. 6b to d). In some cases, such differences
were not statistically supported; nonetheless, a global pattern can be clearly observed:
VACV-WR seems to induce a decrease in the production of cytokines in CD4+ and CD8*
T cells compared to the other virus-infected groups, with the exception of IL-4 CD8* T
cells (Fig. 6¢). MVA inoculation, on the other hand, seems to exert an upregulation of
cytokine production by T cells compared to uninfected controls or VACV-WR-infected
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FIG 6 Cytokine production by CD4+ and CD8* T cells after stimulation by viral antigens. Mice were
infected intranasally, and splenocytes obtained at 14 days p.i. were incubated for 18 h in the presence
of the stimulus (UV-inactivated VACV-WR). After incubation, cells were stained with fluorochrome-labeled
antibodies to detect the expression of CD4 or CD8 cell surface molecules and intracytoplasmic TNF-q,
IFN-v, IL-4, and IL-10 by flow cytometry. Bars represent the means * standard errors of the frequencies
of cells producing cytokines in relation to the total number of CD4* or CD8" cells. Different letters
indicate statistical differences (P < 0.05) between groups (n = 7). For better visualization and orientation,
colorful virus cartoons represent virus-infected groups in all figures (red, VACV-WR; blue, VACV-LST;
orange, MVA).

mice, although in some cases, this was not statistically supported. Once more, infection
with VACV-LST generates a profile that is intermediary between those observed in
MVA- and VACV-WR-infected mice (Fig. 6).

DISCUSSION

Poxviruses, and particularly orthopoxviruses, are known to encode a multitude of
immune evasion mechanisms. The number of evasion strategies encoded in an indi-
vidual poxvirus is directly proportional to the large size of its genome, which is able to
accommodate many genes that code for proteins that interfere with a diverse array of
the host’s immune responses. The mechanisms by which each of the immune evasion-
related proteins interfere with the host’s immune response as well as the consequent
impact of this protein on immunity against poxviruses have been evaluated in studies
employing deletion mutants in which the specific gene coding for the immune
evasion-related protein was removed (reviewed in reference 23). Nonetheless, this is
not a practical approach when one wants to study the global effect of all encoded
immune evasion-related proteins in a single virus population. Comparison of published
genomes could be useful to this end, but inferences based solely on such information
are limited. In the work of Meisinger-Henschel and colleagues, as an example, the
authors introduced the six major deletions found in the MVA genome into to the CVA
parental virus genome. As a result, the mutated CVA strain still did not develop the
attenuation and restricted host range profile of MVA, suggesting that the MVA phe-
notype is a cooperative effect of gene deletions, point mutations outside the major
deletion areas, and existing genes (35). In fact, the global way by which a virus interacts
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with its host in order to achieve replicative success is not the result of the expression
of a single gene product, but rather, it is the net result of the sum of many host and
virus factors interacting simultaneously during the virus replication cycle.

One possible way to glance into the combined effect of the many immunity evasion
proteins encoded by a single virus is to study the immune responses induced by
different strains of the same virus species presenting different virulence profiles and
different genome characteristics (or gene contents). Thus, we opted to evaluate the
modulation of the host’'s immune responses upon mouse infection with three different
VACV strains: the attenuated and nonreplicative MVA strain, the attenuated and
replicative VACV-LST strain, and the virulent VACV-WR strain.

In our studies, we used the intranasal (i.n.) model of infection, through which BALB/c
mice are highly susceptible when infected by virulent VACV strains (28). As a compar-
ison system, we also infected animals intraperitoneally (i.p.) by employing the same
infective doses and conditions as those used for the i.n. infections. VACV-WR i.n.
infection results in acute lung infection, where the virus initially replicates. Thereafter,
the virus disseminates to various organs, including brain, spleen, and liver (36-38). MVA,
on the other hand, cannot multiply as efficiently in the lungs, and virus titers decay
rapidly. Even when inoculated at high doses, MVA does not spread efficiently to other
tissues. When inoculated through the i.p. route, however, MVA is able to reach organs
such as the liver, spleen, and ovaries as efficiently as VACV-WR (39). As for VACV-LST, the
virus does not multiply in mouse cells as readily as VACV-WR, but when administered
in high doses, it can disseminate efficiently and reach organs such as kidneys and heart
(40). Upon i.p. inoculation, orthopoxviruses readily reach systemic lymphoid organs,
were they initially multiply, and later on, they are able to spread to other tissues and
organs (27, 39). Such descriptions are compatible with the results that we observed in
our infection experiments, in which we saw high mortality levels and intense clinical
signs in VACV-WR-infected mice but not in animals infected with the attenuated VACV
strains. Abdalrhman and colleagues (40) showed that VACV-WR-infected animals de-
veloped high titers of virus in the lungs and serum neutralizing antibodies on the 14th
day of infection. On the other hand, they only found considerable antibody titers in
VACV-LST-infected mice in the first week after infection, and the production of neu-
tralizing antibodies was detected only when high viral doses were used. In the same
study, MVA was found in the lungs only in the first 2 days of infection and did not
induce the production of neutralizing antibodies. Ramirez et al. compared VACV-WR
and MVA infections in mice and showed that WR induces a more expressive humoral
response and neutralizing antibodies, whereas MVA triggered significant levels of
anti-vaccinia virus 1gG only when inoculated intraperitoneally at high doses (39, 41).
MVA administered transdermally yielded nondetectable or very small amounts of IgG,
while MVA administered intramuscularly (i.m.) resulted in higher levels of specific IgG
(42). Likewise, MVA administered in mice through percutaneous inoculation elicited
specific antibody responses, and animals were protected from a consecutive VACV
lethal challenge, at levels comparable to or higher than those with subcutaneous or i.m.
inoculation (43). The diminished humoral response observed in MVA-infected mice
compared to animals infected by replicative VACV strains is a direct result of the
inability of MVA to multiply productively in mouse cells and, hence, decreased exposure
of viral antigens to the host’'s immune system.

As mentioned above, the qualitative and quantitative aspects of the host immune
response to a given pathogen are intrinsically dependent on the route of entry.
Examples of studies that have look into this are abundant, but some are particularly
illustrative. The mouse CD8* T-cell response upon intradermal infection with human
herpesvirus 1, for instance, is strictly CD4* T-cell dependent; however, the same
response is mostly CD4+ T-cell independent when inoculation occurs via the intraoc-
ular route of infection (44). Likewise, different routes of infection result in different
disease parameters and immune responses in macaques inoculated with simian im-
munodeficiency virus (45). This phenomenon is not restricted to viruses and has been
documented in model infections by other pathogens, such as Leishmania donovani, for
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which a strong Th1 response was induced upon subcutaneous infections, whereas
inoculation through other routes tended to generate Th2-prone responses (46). As
expected, the immune responses to VACV and other poxviruses are also intimately
dependent on the route of virus inoculation. The cytotoxic-T-lymphocyte (CTL) re-
sponses to VACV-WR inoculated intraperitoneally are largely dependent on CD4*+ T
cells, and infections in CD4* T-cell-deficient mice result in poor expansion of virus-
specific CD8* T-cell clones. On the other hand, intranasal infections by VACV-WR
resulted in robust virus-specific CD8" T-cell responses in the presence or absence of
CD4+ T-helper cells, especially when higher viral loads were employed (30). Moreover,
the authors of that study observed that intranasal VACV infections resulted in higher
expression levels of antiviral cytokines such as type | IFN (IFN-I) and TNF-«, and they
suggested that this is caused by the mucosal microenvironment found by the viruses
when they reach the lungs, an environment that is mostly absent when they are
inoculated through the peritoneum and reach primarily lymphoid organs. This may
help to explain why our results showed different trends in immune responses and
possible evasion strategies when infections using the two routes of infection are
compared. Upon reaching the lung, VACVs can readily infect pulmonary epithelial cells
as well as alveolar macrophages and DCs (31). Indeed, it has been demonstrated that
VACVs have a strong tropism toward APCs (27, 47). Therefore, although VACVs distrib-
ute systemically after multiplying in the primary organ, they are prone to encountering
a much larger population of APCs in the lungs than in lymphoid tissues. Thus, a possible
evasion mechanism based on downmodulation of CD14* cells going to the spleen, for
example, would be more evident in animals infected through the nasal route of
infection than in animals infected through the intraperitoneal route (Table 1 and
Fig. 2¢). Because professional APCs are essential for the three phases of the mounting
T-cell response, cell expansion, contraction, and memory cell formation, through
canonical signaling (signals 1 and 2), the observed differences in subset cell populations
verified when mice were infected through the nose or the peritoneum could be related
to different APC dynamics in each case (Fig. 2 to 4). Based on such an assumption, and
considering that the respiratory route is the natural entry port for orthopoxviruses, we
decided to focus on the evaluation of immune responses that developed after animals
were infected through the i.n. route. Indeed, because the i.p. route is a rather artificial
route of entry, is not logical to imagine that viruses would have evolved immune
evasion mechanisms directed to this immune microenvironment.

When we analyzed the anti-VACV cell responses by looking at splenocytes of
VACV-infected mice after i.n. infection, one particular aspect stood out: VACV-WR-
infected mice had fewer CD4* T lymphocytes and monocytes/macrophages than
uninfected controls or mice infected with the attenuated VACV strains. On the other
hand, animals infected with VACV-WR presented more cytotoxic T cells at day 14 p.i.
than any other group. These results were similar to those observed in peripheral blood
mononuclear cells (PBMCs) from human patients naturally infected with circulating
VACV in Brazil. In that case, individuals presented more CD14™* cells, fewer B cells, and
similar T-cell frequencies compared to uninfected individuals (26). The differences
between that study and the results observed in our mouse infections may be
related to the different hosts, different stages of infection (not specified in the
human study), different viral strains (humans were infected by zoonotic VACVs in rural
Brazil), and different routes of infection (human infection occurs naturally through
direct contact with lesions in sick cows). Nonetheless, the cellular activation patterns in
mouse and human studies were strikingly similar. Like individuals infected with zoo-
notic VACVs, animals infected with VACV-WR presented, in general, reductions in the
levels of activated cells, particularly in the activation status of CD14* cells and CD4*+ T
cells. MVA-inoculated animals, however, presented cell frequencies and activation
patterns that were similar to those of the uninfected controls, whereas mice infected
with VACV-LST elicited intermediary patterns between those of VACV-WR- and MVA-
infected/uninfected animals.

The lower frequency of CD4" T cells expressing the receptor for the cytokine IL-12
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in animals infected with VACV-WR through the i.n. route may be related to the lower
percentage of monocytes/macrophages and lower expression level of the costimula-
tory molecule CD86 in the spleens from these animals. APCs have been described as
one of the preferential targets of VACV infection (27, 31, 47, 48), and if they are less
present and less activated, CD4 ™ cells would receive weaker stimulation via IL-12 and,
consequently, decrease their IFN-y production. Indeed, as seen in our results, infection
by VACV-WR is marked by a lower percentage of CD4 lymphocytes producing this
cytokine (Fig. 6b), which constitutes an important pathway to maintain the Th1
response and to control intracellular pathogens. Once again, this is similar to the results
seen in humans, in which numbers of monocytes and activated CD4* T cells are also
decreased in patients infected with circulating virus samples compared to uninfected
patients (26). Likewise, we observed a lower frequency of CD28* T lymphocytes in
VACV-WR-infected animals. These mice also showed a reduction in CD25-expressing T
cells, which may further explain the decreased activation of lymphocytes and, possibly,
lower level of IL-2 production. This may also justify the lower frequency of regulatory
T cells in VACV-WR-infected animals, as a high dependence on IL-2 has been described
for these cells (49). On the other hand, the VACV-LST group presented an intermediate
percentage of regulatory T cells and a similar percentage of activated T lymphocytes in
relation to the MVA and PBS control groups. MVA-infected mice showed the same
frequency of activated T lymphocytes as the PBS group, suggesting an inability of this
virus strain to suppress this particular compartment of the host’s immune system.
Indeed, MVA was shown to robustly induce CCL2 chemokine expression in a Toll-like
receptor 2 (TLR-2)-dependent fashion and rapidly attract activated leukocytes (50).

The higher frequency of CD8" CD62L~ lymphocytes observed in animals infected
by VACV-WR through the i.n. route is a direct outcome of the high level of spread of this
virus to other organs beyond the initial exposure site (36-38). Thus, there is a greater
circulation of antigens and consequent sensitization of naive lymphocytes in draining
lymph nodes. As a result, the stimulated cells lose this selectin and migrate toward the
affected tissues in an attempt to control the infection. It is important to mention that,
upon VACV-WR mouse infection, we have not seen a marked downmodulation of either
the total number of CD8" T cells or the expression of activation markers after VACV-
specific stimulation (with the exception of CD25). In the case of the MVA infections,
CD8* T-cell numbers and activation patterns were frequently similar to those observed
in mock-infected animals. Indeed, strikingly poor CD8* T-cell immunogenicity, consid-
ering either epitope-specific responses or the total number of activated CD8* T cells
irrespective of specificity, has been described for BALB/c mice inoculated with MVA
(51).

After VACV infection, NK and T cells produce TNF-a and IFN-vy, which are important
proinflammatory cytokines involved in the buildup of an effective adaptive antiviral
immune response (52). Compared to all other groups in our study, considering the i.n.
route of infection, the production of those cytokines by CD4* and CD8* T cells from
animals infected with VACV-WR seems to be importantly downmodulated. On the other
hand, MVA-inoculated mice produced a larger amount of virus-responsive T cells
producing TNF-a and IFN-v, although only CD4* T cells expressed cytokine levels that
were above the noninfected control threshold. Indeed, Ramirez and coworkers ob-
served that MVA-infected mice produced more TNF-a than cells from VACV-WR-
infected animals, although in that case, the authors used the i.p. route of infection (39).
BALB/c mice are more susceptible to VACV-WR infections when the virus is given
through the i.n. route than when it is given through the i.p. route of infection (25). As
demonstrated by our results, the production of TNF-a and IFN-y by T cells after
VACV-WR infection is severely compromised, and this may explain the host’s inability to
control and successfully clear the infection. Nonetheless, the level of IL-4 production by
T cells in MVA-infected mice was higher than that in VACV-WR-infected animals.
Because IL-4 stimulates B-cell activation and induces the differentiation of naive T cells
into Th2 cells, these results are not consistent with the fact that we observed a much
more intense anti-VACV humoral response in VACV-WR-infected mice. This needs to be
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FIG 7 Model of the correlation between the virulence of vaccinia virus strains and their ability to
downmodulate the host’s immune responses in vivo. MVA, modified vaccinia virus Ankara strain;
VACV-LST, vaccinia virus Lister strain; VACV-WR, vaccinia virus Western Reserve strain. The graph
represents a qualitative correlation only. Not all immune compartments are equally modulated. For
better visualization and orientation, colorful virus cartoons represent virus-infected groups in all figures
(red, VACV-WR; blue, VACV-LST; orange, MVA).

further explored. Finally, we evaluated the production of the IL-10 anti-inflammatory
cytokine after VACV infection. There have been reports that some pathogens are able
to modulate the host immune responses by stimulating or mimicking IL-10 (53). We
observed that mice infected with VACV-WR presented reduced levels of IL-10 compared
to uninfected controls and to animals inoculated with MVA or VACV-LST, which
presented robust production of IL-10.

In conclusion, our results showed that the virulent VACV-WR strain is able to induce
a marked downmodulation of the host’'s immune response upon mouse infections
through the i.n. route, a natural entry route for orthopoxviruses. Such modulation is
particularly evident for some specific compartments of the host’s immunity, including
CD4™* T lymphocytes and CD14* cell responses. On the other hand, mice infected with
the attenuated, nonreplicative MVA strain presented immune responses that were
quite similar to those seen in uninfected animals. Finally, the attenuated but replicative
VAV-LST strain induced immune responses that were frequently intermediary between
those seen for the other VACVs upon infection. Such results may support the propo-
sition of a model in which the in vivo virulence of a given VACV strain is directly
proportional to its potential to downmodulate the host’s immune responses (Fig. 7).
Genomic and proteomic analyses would be useful to support such assumptions;
however, the global way by which a virus interacts with its host in order to achieve
replicative success is not the result of the expression of a single gene product, but
rather, it is likely the net result of many host and virus factors interacting simultaneously
during the virus replication cycle.

MATERIALS AND METHODS

Cells and viruses. African green monkey cells (BSC-40 cells; ATCC, USA) and primary chicken embryo
fibroblast (CEF) cells were grown at 37°C with 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Gibco, NY, USA) and 2 mM L-glutamine (Invitrogen
Gibco, NY, USA). CEFs were prepared as described previously (54).

VACV strains employed in this study were MVA, VACV-WR, and VACV-LST, kindly provided by B. Moss
(National Institutes of Health, USA), C. Jungwirth (Universitdit Wurzburg, Germany), and the Instituto
Butantd (Brazil), respectively. VACV-WR and VACV-LST were grown and titrated in BSC-40 cells, whereas
MVA was propagated and titrated on CEFs. All viruses were purified in sucrose cushions.

Infection of mice. Mice were obtained from the Centro de Bioterismo (CEBIO) (Instituto de Ciéncias
Bioldgicas, UFMG, Belo Horizonte, Brazil) and maintained in our experimental animal facility throughout
the experiments. They were kept in ventilated cages with food and water ad libitum. All protocols
involving animal experimentation were approved by the Committee of Ethics for Animal Experimenta-
tion (CETEA) at UFMG, under permit 9/2009. The CETEA-UFMG is affiliated with the National Council of
Animal Experimentation Control (CONCEA).

Groups of 6-week-old BALB/c mice, composed of seven males each, were anaesthetized by intra-
peritoneal injection of ketamine and xylazine (70 mg and 12 mg/kg of body weight in phosphate-
buffered saline [PBS], respectively) and inoculated by intranasal (i.n.) route using 5 X 103 PFU of VACV-WR
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or VACV-LST or 108 PFU of MVA in 10 ul of PBS. Negative controls received only PBS. The same amounts
of viruses were used in experiments using the intraperitoneal route of infection, and inoculations were
carried out as described previously (39). The VACV-WR infective dose was determined according to
methods described previously by Ferreira and coworkers (28), who had previously established the 50%
lethal dose (LDs,) values for the very same sample. As strain Lister is also replicative, we opted to use the
same dose. Because the MVA strain is unable to fully replicate in mice, animals were inoculated with a
higher dose, as previously described (25). Considering that there was some mortality in the group of
animals infected with VACV-WR, an excess of 3 animals (totaling 10 animals) was used in each experiment
so that at the end of the 14th day, at least 7 animals would still be alive and available for the experiment
assessments.

Splenocyte preparation and immunophenotyping. Fourteen days after infection, mice were
anaesthetized and euthanized, and blood and spleens were collected. Spleens were macerated, and after
erythrocyte lysis (ACK [ammonium-chloride-potassium] lysing buffer), the remaining cells were resus-
pended in RPMI medium. Next, 5 X 10> cells were stained with fluorescence-labeled antibodies (BD
Pharmingen, NJ, USA) specific for cell surface molecules diluted in PBS-0.5% bovine serum albumin
(BSA). FOXP3 intracellular staining was performed according to the kit manufacturer’s directions (eBio-
science, CA, USA). After 30 min of incubation at 4°C in the dark, cells were washed twice with PBS-0.5%
BSA, fixed with fluorescence-activated cell sorter (FACS) fix solution, and stored at 4°C in the dark. A FACS
LSR Fortessa or a FACSCalibur instrument (Becton, Dickinson, NJ, USA) was used for flow cytometry, and
further analyses were performed using FlowJo software (TreeStar Inc., OR, USA).

Intracellular cytokine staining assay. To detect intracellular cytokines, 107 spleen cells were
stimulated overnight with UV-inactivated VACV-WR (5 X 10° PFU/ml) and then incubated for 4 h at 37°C
with brefeldin A (Sigma, MO, USA) at 1 mg/ml. Cells were then washed in FACS buffer and stained with
anti-CD4 and anti-CD8 antibodies (BD Pharmingen, NJ, USA) for 30 min at 4°C in the dark. After fixation
and permeabilization with FACS buffer containing 0.5% saponin, cells were stained with mouse anti-
TNF-e, -IFN-v, -IL-4, and -IL-10 (BD Pharmingen, NJ, USA) for a further 30 min at room temperature.
Finally, cells were washed once with FACS buffer containing 0.5% saponin and twice in FACS buffer
alone. Cell preparations were fixed in FACS fix solution and stored at 4°C in the dark. Results were
acquired using a FACSCalibur instrument (Becton, Dickinson, NJ, USA) and analyzed with FlowJo software
(TreeStar Inc., OR, USA).

Enzyme-linked immunosorbent assay. Serum samples obtained from infected animals were used
in an enzyme-linked immunosorbent assay (ELISA). In short, 96-well plates (Falcon, MO, USA) were coated
overnight with 100 ng/well of antigenic surface proteins from the WR strain in sodium carbonate buffer
(0.5 M; pH 9.6) at 4°C. Plates were washed with PBS containing 0.05% Tween 20 and blocked for 2 h at
37°C with PBS containing 0.25% casein. Plates were incubated overnight at 4°C with mouse serum
samples in a 1/20 dilution in PBS-casein. Plates were washed again and incubated with goat anti-mouse
horseradish peroxidase (HRP)-labeled immunoglobulins [IgM, I1gG, and IgA(H+L)] (Southern Biotechnol-
ogy Associates, Birmingham, AL) for 1 h at 37°C. The plates were then washed five times and incubated
in the dark with H,0, in the presence of orthophenylene-diamine (OPD; Sigma, St. Louis, MO, USA) in
sodium citrate buffer (0.1 M; pH 5.0) for 15 min. Reactions were stopped by the addition of 30 ul of 2N
H,SO, to the mixture. Color development was measured at 492 nm in an automatic ELISA reader (ASYS
Expert Plus; Biochrom, Cambridge, UK). Results were obtained by averaging the duplicates of each serum
dilution in individual mice. Each score is shown as the mean = standard error of the mean (SEM) of data
from groups of 7 animals.

Statistical analysis. For comparison between groups (noninfected versus infected mice), data were
subjected to analysis of variance (ANOVA) and a Tukey posttest. To analyze the results obtained within
the same group, stimulated or not, in the experiments for intracellular cytokine assays, parametric
Student’s t test was used. In both tests, P values of less than 0.05 were considered significantly different.
Statistical analyses were performed using Prism 5 software (GraphPad Software).
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