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The rational design of vaccines that elicit CD8*T cell responses requires knowledge of the identity of
the antigen-presenting cell (APC), the location and time of presentation and the nature of the
antigen presented by the APC. Here we address these questions for an antigen encoded by a
recombinant vaccinia virus. We found that, following local infection, vaccinia virus infected
macrophages and dendritic cells in draining lymph nodes. However, only the dendritic cells presented
antigen to naive CD8* T cells, as determined by direct visualization of sectioned nodes by confocal
microscopy. Presentation occurred as rapidly as 6 h after inoculation and quickly declined in parallel
with the number of infected cells present in the nodes.These data provide direct evidence that virus-
infected APCs prime naive CD8*T cells in vivo.

I

CD8" T cells recognize peptides of 811 amino acids in length that are
displayed by major histocompatibility complex (MHC) class I molecules
expressed at the surface of antigen-presenting cells (APCs). Studies of
antigen presentation in vitro have provided a basic outline for how cells
generate MHC class I peptide ligands from polypeptides that are biosyn-
thesized by APCs'? and—at a more rudimentary level—from polypep-
tides acquired by APCs from other cells®. This knowledge should eventu-
ally facilitate the rational design of vaccines that optimally elicit CD8"
T cells responses. There is great interest in developing such vaccines to
prevent or treat a number of infectious diseases and malignancies.

To apply this knowledge to vaccine design, a number of fundamental
questions must be answered regarding the presentation of antigens to
naive CD8" T cells in vivo. Which cells present antigen? Where and when
does presentation occur? What form of antigen is presented? How do the
answers to these questions vary with the nature of the immunogen and the
route of immunization?

We addressed here the first three of these questions by analyzing CD8"
T cell response to a well defined antigen expressed by a recombinant vac-
cinia virus (rVV), a vector that is a mainstay of current vaccine trials.
Despite the fact that billions of individuals were immunized with infec-
tious VV during the smallpox eradication campaign, little is known about
how VV-encoded proteins are presented to the immune system.

Results

Strategy

The most definitive method for localizing antigen presentation in vivo is
to directly visualize the interaction of APCs with T cells. This has only
been reported for CD4* T cells, and then only in a few systems*. In these
studies, the presentation of antigens in APCs was inferred based on the
antigen-dependent interaction of CD4" T cells with APCs. When studying
endogenous antigen presentation to CD8" T cells, infected APCs can be

visualized by detecting the expression of virus-encoded antigens targeted
to organelles that are poorly accessed by exogenous proteins, such as the
nucleus. To enable visualization of virus-infected cells in both live and
fixed tissues, we generated a rVV that expressed a chimeric protein con-
sisting of influenza virus nucleoprotein genetically appended to the NH,-
terminus of enhanced green fluorescent protein (EGFP). Due to the
karyophilic properties of the NP, the chimeric protein strongly localized to
the nuclei of infected cells; consequently, the presence of nuclear NP-
EGFP indicated that the protein was synthesized by the cell.

Due to the low frequency and clonal heterogeneity of virus-specific
CD8" T cells, visualizing responding naive virus-specific CD8" T cells is
difficult, if not impossible, with the available technology. We therefore
used naive T cells from T cell receptor (TCR)-transgenic mice. To make
the findings more general, two TCR-transgenics were used: OT-I—which
possess CD8" T cells specific for the ovalbumin (OVA) peptide SIIN-
FEKL in association with H-2K*—and F5—which possess CD8" T cells
specific for the influenza NT60 NP peptide ASNENMDAM in association
with H-2DP. We inserted SIINFEKL in the chimeric NP-EGFP protein at
the NP and EGFP junction to create an rVV that expressed NP-SIIN-
FEKL-EGFP, referred to hereafter as VV.NP-S-EGFP.

Localization of virus-infected cells in lymph nodes

We infected C57BL/6 (B6) mice in their footpads with 107 plaque-form-
ing units (PFU) of VV.NP-S-EGFP and removed the draining popliteal
lymph nodes (PLNs) 6 h later. Nodes were frozen, sectioned and stained
with TO-PRO-3 iodide, a fluorescent DNA stain that identifies cellular
nuclei. As determined by EGFP direct fluorescence, we found that the
distribution of infected cells was largely limited to the PLN periphery,
which borders the subcapsular sinus (Fig. 1a). All detectable EGFP fluo-
rescence colocalized with TO-PRO-3 iodide staining; this indicated that
NP was present in the nucleus and, therefore, that the EGFP* cells were
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Figure |. Infection of lymph node cells with VV
after footpad infection. Draining PLNs were removed
() 6 h or (b) 24 h after footpad injection, frozen, sec-
tioned, fixed and stained with the DNA-binding dye TO-
PRO-3 iodide in order to identify the nuclei. Inset in a
shows, at high magnification, NP-S-EGFP (green) overlap-
ping with TO-PRO-3 iodide nuclear staining (blue). All
green fluorescence shown was above the background
amounts observed in nodes from uninfected mice or
mice infected with a control non-EGFP-expressing rVV.
Bars are in pm. (c) PLNs were removed from mice
infected with either VV.NP-S-EGFP or a control virus
(CR19) 6,24 or 48 h after infection. Cells recovered from
homogenized nodes were analyzed for green fluores-
cence by flow cytometry. The numbers of EGFP* cells
were quantified by analyzing equal numbers of cells then
adjusting for the number of cells recovered from the
nodes at each timepoint. Data are representative of at
least three independent experiments.

rVV-infected. We found that the number of EGFP-expressing cells
declined sharply during the 6-24 h after virus inoculation (Fig. 1b), and
only a few cells were detected by 48 h after inoculation. To accurately
quantify this decline, we generated single cell suspensions from PLNs
and identified the EGFP-expressing cells by flow cytometry. The number
of EGFP" cells was calculated by taking into account the increased num-
ber of cells induced by VV-infection (a sixfold increase over the 48 h of
infection). This showed an 80% reduction in the absolute number of
infected cells between 6 and 24 h, and a further large decrease over the
next day to below the limit of detection (Fig. 1¢). We estimated that the
draining PLNs had ~3000 infected cells at 6 h after inoculation, 600 cells
at 24 h and <100 cells at 48 h.

Characterization of VV-infected PLN cells

We next determined which type of PLN cells were infected by staining sec-
tions with antibodies that were specific for marker proteins. Based on the
subcapsular location, we expected that the majority of infected cells would
be macrophages, which are prevalent in this area. Indeed, the majority of
infected cells present at 6 h (Fig. 2) and 24 h (data not shown) after infec-
tion stained with a monoclonal antibody (mAb) specific for CD169, a
macrophage marker. The highly magnified image shows NP-S-EGFP in the
nucleus surrounded by cell surface staining of the macrophage with anti-
CD169 (Fig. 2b). Staining of sections with mAbs for other macrophage-
specific markers—MOMA-1, MOMA-2, F4/80 and anti-CD11b—con-
firmed that 60-90% of infected cells were typical macrophages (Fig. 2¢—f).

NP-S-EGFP
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We found no evidence for VV infection of neutrophils, B cells or T cells
(data not shown). Approximately 10-15% of the infected cells strongly
stained with an MHC class Il-specific mAb (Fig. 3a) or the DC marker
mAb MIDC-8 (Fig. 3b). The morphology of these infected cells was con-
sistent with that of DCs. Together, these findings indicate that nearly all
the infected cells we detected in the nodes were macrophages and the
remainder were DCs. Similar results were obtained when spleens were
sectioned after intravenous (i.v.) viral inoculation (data not shown).

Antigen presentation by node cells in vitro

To correlate these findings with antigen presentation, we assessed the
capacity of dissociated PLN cells to activate B3Z cells. B3Z is a CD8"
T cell hybridoma specific for SINFEKL—-H-2K? that expresses [3-gal under
the control of the interleukin 2 (IL-2) promoter, enabling rapid (overnight)
histochemical enumeration of activated cells’. This is probably the most
sensitive method for detecting low frequencies of APCs. In addition, the
use of a hybridoma allows enumeration of antigen presentation by infect-
ed cells without the potential for cross-presentation by professional APCs.
Such APCs may copurify with responding naive or secondary CD8" T
cells, despite extensive efforts to remove these cells. We further maximized
the sensitivity of the system by injecting mice with an rV'V that expressed
SIINFEKL as a cytosolic minigene product. APCs infected with this virus
in vitro typically express ~20-fold more OVA(257-264)-H-2K" complex-
es on their cell surfaces than cells expressing NP-SIINFEKL-EGFP (or
full-length OVA) (C. C. N. et al., unpublished data).

Figure 2. Phenotype of VV-infected PLN cells.
Draining PLNs were prepared as in Fig. la, and fixed
sections were stained with antibodies to macro-
phages. Anti-CD 169 staining (sialoadhesin) is in red;
NP-S-EGFP is in green. (a) A montage of sections
stained with anti-CD169. (b—f) High-magnification
images of cells stained with the indicated antibodies.
Bars are in um; data are representative of three
independent experiments.
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Figure 3.VV infection of PLN DCs. Draining PLNs were prepared as in Fig. la
and fixed sections were stained with either (a) monoclonal anti-MHC class Il or (b)
anti-DC (MIDC-8). Bars are in um; data are representative of three independent
experiments.

Infection of mice with a control virus that did not express SHNFEKL
(called CR19) did not activate B3Z cells above the background amounts
observed after incubation with PLN cells from uninfected mice. In con-
trast, B3Z cells were activated by PLN cells derived from mice infected
with VV that expressed SIINFEKL. Antigen presentation was maximal at
the initial timepoint (6 h after infection) and declined to near background
amounts over the next 42 h (Fig. 4a).

We found that the decline in antigen presentation was not accompanied
by a concurrent appearance of SIINFEKL-specific lytic activity, which
was undetectable at 48 h (Fig. 4b). However, we easily detected lytic
activity in PLN cells 5 days after infection. Even after the adoptive trans-
fer of F5 TCR—transgenic CD8" T cells to increase the precursor frequen-
cy of specific T cells, we could not detect antigen-specific effector func-
tion, interferon-y (IFN-y) secretion, in the draining lymph node before 3
days after infection (data not shown). This showed that there is a delay
between antigen presentation and the acquisition of detectable effector
function in vivo.

Localization of antigen presentation in vivo

We next used transgenic CD8" T cells to localize CD8" T cell-APC inter-
actions in vivo. Purified SIINFEKL-specific T cells from OT-I mice were
labeled with a fluorescent red cell tracker (CMTMR) and introduced into
B6 mice by i.v. injection. The next day, mice were injected in their footpads
with VV.NP-S-EGFP. Six hours after infection, the draining PLNs were
removed, thick (25-um) cryosections were prepared and SIINFEKL-spe-
cific T cells and virus-infected cells were visualized by confocal
microscopy (Fig. 5). We scanned 25 individual fields with surface areas of
350 um? each using a x20 objective and setting the confocal pinhole to
enable visualization of the entire 25-lim thickness of the section. Individual
fields were digitally assembled to reconstitute approximately two-thirds of
the entire cryosection (Fig. Sa shows a portion of the composite image that
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represents about one-quarter of the node cross-section). Each potential
CD8" T cell-APC cluster detected was examined in detail by collecting a
z-series throughout the region with a X63 objective and analyzing the inter-
action of cells using three-dimensional (3D) visualization software. For the
purposes of illustration, 2D projections of the 3D datasets are shown in the
insets (Fig. Sb—d).

We could easily identify labeled SIINFEKL-specific CD8* T cells with-
in the T cell areas of the PLNs, including a minority that were clustered
around NP-S-EGFP—expressing cells. Clusters consisted of 2—14 antigen-
specific CD8" T cells (Fig. Sb—d). Only a small fraction of the infected
cells were involved in the clusters. Indeed, nearly all the clusters were
located in the node parenchyma, which was up to 200 um from the
periphery. We also observed clustering of antigen-specific CD8" T cells
around NP-S-EGFP—infected cells in the parenchyma of live nodes visu-
alized by multiphoton and confocal microscopy (Fig. 6a,b, respectively).
This showed that it was not an artifact of specimen preparation. The SIIN-
FEKL-specific CD8" T cells were able to access the subcapsular sinus,
where most of the infected macrophages resided (Fig. 5d). By 24 h after
infection—when the number of infected cells had markedly decreased—
specific CD8" T cells had dispersed to the medullary regions of the node
(data not shown).

We repeated this experiment using F5-transgenic CD8" T cells and
quantified cluster formation in PLNs from mice infected with an rVV that
expressed either NP-S-EGFP (Fig. 5g) or NP-S-EGFP with two amino
acid substitutions in the NP(366-374) determinant (Fig. Sh). These sub-
stitutions abrogated recognition by F5 CD8" T cells without altering pep-
tide binding to H-DP. Counting clusters on ten cryosections (25-um thick)
from each PLN by confocal microscopy, we observed 20 clusters per mm?
of node; this represented ~80 clusters for a single PLN. In contrast, after
infection with the nonantigenic rVV with the two amino-acid substitution
in NP(366-374) nodes cluster formation averaged 0.1 clusters per mm’,
despite a similar distribution of infected EGFP* cells. This observation
showed that clustering was antigen-specific and not merely a chance
encounter of antigen-specific CD8" T cells and infected APCs within the
T cell areas of the lymph node.

T cells from both the OT-1 and F5 mice formed clusters in the absence
of an EGFP-expressing cell. In addition, the clustering of F5 cells around
EGFP- cells was ablated following infection with the rVV expressing the
2—amino acid substitutions in the NP(366-374) determinant. This indicat-
ed that these clusters were also antigen-specific and could mean either that
APCs in these clusters expressed small amounts of endogenous NP-S-
EGFP or that the APCs were presenting exogenous NP-S-EGFP acquired
from other infected cells (that is, by cross-priming).

We attempted to determine the identity of the cluster-inducing APCs.
None of these APCs stained with anti-CD169 (Fig. 5f), which showed
that the macrophages were unlikely to activate the naive CD8" T cells.
In contrast, many of these APCs stained with the DC-specific mAb

Figure 4.Time-course of antigen presentation in PLNs. (a) Mice were infect-
ed in the footpads with either a VV expressing the OVA(257-264) determinant or a
control VV (CRI9). Single cell suspensions derived from draining PLNs were incu-
bated overnight with the OVA(257-264)-specific LacZ b3Z hybridoma cells. The per-
centage of activated cells was determined by expression of B-galactosidase, as mea-
sured visually by counting blue cells after incubation with X-gal. (b) Mice were infect-
ed in their footpads with aVV expressing the OVA(257-264) determinant. Single-cell
suspensions derived from draining PLNs 2 or 5 days after infection were incubated
at various effector to target (E:T) ratios with *'Cr-labeled EL4 cells that had been
pulsed with OVA(257-264) or VSV NP(52-59) peptide for 4 h. Lysis of the target
cells was recorded. Results are shown after the background lysis values of VSV
NP(52-59)—pulsed cells had been subtracted. Data are representative of at least
three independent experiments.
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SO MIDC-8 (Fig. 5e). We were unable to determine whether the APCs that
=} did not stain with MIDC-8 did not express the DC marker or whether

the thicker sections required to identify the clusters (25 um versus 8 um
for optimal cell staining) prevented staining with the MIDC-8 mAb
because the cytosol of the cells was inaccessible. Antigen-specific clus-
tering of CD8" T cells around infected DCs, but not infected
macrophages, was also observed in the spleen after i.v. infection (data
not shown).

The DC-centered clusters that we observed in the PLNs and spleen
were similar to those observed in studies of the activation of naive CD4*
T cells’; they likely represented interactions that result in the priming of
naive CD8" T cells by DCs. However, specific induction of effector mech-
anisms or proliferation of naive TCR-transgenic CD8" T cells required a
minimum of 24 h. At this timepoint, antigen presentation in the node had
declined sharply (Fig. 4) and infected cells could no longer be observed in

Figure 6. Interactions between CD8*T cells and infected cells visualized in
a living lymph node. Freshly excised nodes from Fig. 5 were immobilized in a drop
of 1.8% agarose, covered with red phenol-free Dulbecco’s modified Eagle’s medium
supplemented with 20 mN HEPES and | g/l of glucose (pH 7.4); the dish was then
placed in a temperature controller. (a) A multiphoton or (b) standard confocal
microscope was used to image the intact node (see Methods). (a) Image is a projec-
tion of a z-series spanning a depth of 25 um into the tissue with a z-axis step-size of
5 um (from a depth of ~250 um into the node). (b) Image is a single optical section
of a confocal image from a depth of ~80 um into the node; the inset is a magnified
view of the region just above it. Bars are in um; data represent two of three inde-
pendent experiments.
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Figure 5. Clustering of naive T cells around infected DCs.
CD8'T cells purified from OT-I (a~f) or F5 (g,h) TCR-transgenic
mice, labeled with red cell tracker (CMTMR) were injected into
mice. Mice were infected with either NP-S-EGFP containing
either the NT60 NP sequence at aa 366—-374 (ASNENMDAM)
(a—d) or the PR8 NP sequence (ASNENMETM) (h). Six hours
later the PLNs were collected and the relative locations of the
transferred (red) and EGFP-expressing cells were examined.
(b—d) Magnified views of the regions indicated by arrows, which
show clusters of T cells around infected cells. EGFP-expressing
cell in the middle of a cluster binds a DC-specific mAb (e, anti-
body staining is shown in blue), but not a macrophage-specific
mAb (f), which stains other EGFP- cells in the section. Note the
positive staining of CD 169" cells, which are not part of a cluster
in f. Bars are in um; data are representative of at least three inde-
pendent experiments.

the node. Therefore, it was not possible to visualize
acquisition of effector function and antigen presentation.

Priming of naive T cells by infected DCs
To confirm that infected DCs are capable of activating
naive CD8" T cells in vivo, we infected freshly isolated
splenocytes in vitro with an rVV—VV.NT60 NP(366—
374)—that expressed the influenza NT60 determinant
as a cytosolic minigene product. We then tested their
capacity to activate F5-transgenic CD8" T cells that had
been adoptively transferred into mice. Flow cytometric
analysis of infected splenocytes after staining with
marker mAbs showed the infection of 20-30% of
splenocytes that encompassed a wide variety of cell
types: these included DCs, macrophages, B cells and
some T cells (data not shown). To eliminate complica-
tions due to the potential transfer of infectious VV to
recipient mice and re-presentation of NP(366-374) by recipient APCs,
we transferred splenocytes into mice that were deficient in one of the
transporter of antigen processing subunits, TAP1. NP(366-374) is not
presented to F5 cells that have been adoptively transferred into TAP~
mice after direct infection of mice with VV.NT60 NP(366-374)" or by
injection of MHC-mismatched cells infected with rVV that expressed
either the minigene product or full-length NP (C. C. N. et al., unpub-
lished data). Therefore, neither direct presentation by virus-infected
recipient cells nor recipient cell cross-presentation of antigen derived
from infected cells can account for T cell activation in this system.
Sixteen hours after the transfer of F5-transgenic CD8" T cells and
VV.NT60 NP(366-374)-infected splenocytes into TAP”~ mice, there
was a marked activation of F5 cells recovered from spleens. This was
indicated by an increase in the percentage of F5 cells with amplified
cell surface expression of CD69 or CD25 (also known as IL-2 receptor)

PR8/F5
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Figure 7. Priming of naive T cells by
infected APCs. TAP|~~ mice were irradiat-
ed and purified T cells from F5 TCR-trans-
genic mice were transferred. (a) Mice were
immunized with spleen cells from normal
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(Fig. 7a and data not shown) and decreased cell surface expression of
CD62L (also known as L-selectin) (data not shown). This showed that
transferred splenocytes can activate naive CD8" T cells in the absence
of cross-priming in recipient mice. Activation was specific for the
NP(366-374) determinant because, compared to those in uninfected
mice, F5 T cells recovered from mice infected with VV.PR8
NP(366-374), a negative control VV which expressed a nonantigenic
form of the cytosolic minigene product showed no changes in activa-
tion marker expression. The amount of activation was ~50% of that
observed when mice were infected with L+ NP(328-498), a positive
control rVV that expressed an endoplasmic reticulum—targeted frag-
ment NP that is presented in a TAP-independent manner’*.

To establish whether infected DCs in the splenic APC population
induced the activation of naive F5 CD8" T cells in vivo, we depleted DCs
from the transferred V' V-infected population using magnetic beads coat-
ed with a CD1l1c-specific mAb (Fig. 7b). This markedly reduced F5
CD8" T cell activation, whereas cell depletion with an mAb specific for
B220—which is expressed on a large proportion of infected spleen
cells—had only a minor effect on activation. Consistent with these
results, a partially purified preparation of splenic (but not bone mar-
row—derived) DCs infected with VV.NT60 NP(366-374) activated F5
CD8" T cells (data not shown).

Discussion

The nature of APCs and the antigens that they present to naive CD8"
T cells that are responding to viral infections is currently a much-debated
issue. Some believe that, with few exceptions, professional APCs cross-
present exogenous antigens. Others espouse the view that, with equally
few exceptions, endogenous antigens are presented by both professional
and nonprofessional APCs. It is likely that the truth lies somewhere in
between these extreme views and is likely to vary according to the infec-
tious agent studied.

Analyzing antigen presentation in vivo is a challenging exercise, and
the approaches used to date have largely been indirect. Several groups
have identified APCs from virus-infected mice that activate T cell
hybridomas in vitro®', but the abilities of these APCs to activate naive
CD8" T cells in vivo is uncertain. Others have shown that viruses can
induce the synthesis of viral proteins in professional APCs in vitro or in
vivo, but have not linked these observations to antigen presentation in
vivoll,l2—14.

We visualized here the interaction between specific naive CD8*
T cells and virus-infected APCs in vivo. These findings directly show that
CD8" T cells interact with virus-infected DCs in a local draining lymph
node shortly after the introduction of virus into an animal. This interac-
tion is both antigen- and cell type—specific. This conclusion is based on
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our failure to observe clustering of CD8" T cells around infected
macrophages, despite the fact that infected macrophages outnumbered
infected DCs by ~10:1. Substances delivered to PLNs via the lymph are
unable to access cells in the PLN parenchyma®; this is unaffected by a
concomitant VV infection' and strongly suggests that the VV-infected
macrophages and DCs we observed in the PLN cortex were infected else-
where and migrated into the cortex. Given the large numbers of subcap-
sular macrophages that are infected, it is likely that VV delivered by
lymph infects these cells in sifu and that these cells represent the major
source of infected cortex macrophages. DCs, on the other hand, do not
typically reside in the subcapsular space. This raises the possibility that
they were infected at or near the site of injection and migrated to the PLN
via the lymphatics. The preferred interaction of CD8" T cells with DCs—
as opposed to macrophages—in the cortex could be due to increased
expression of costimulatory molecules or increased secretion of
chemoattractants and remains to be characterized. We recognize that
although we showed that DCs infected in vitro were capable of activating
CD8" T cells in vivo and that CD8" T cells interact with infected DCs in
vivo, it remains to be formally established that CD8" T cell activation
results from this interaction.

There are a number of recent reports that in vitro infection of profes-
sional APCs with viruses (including VV) interferes with the antigen-pre-
senting functions of these cells'®!”. Although these reports postulate that
such viruses have evolved to interfere with antigen presentation, such
interference is to be expected given the general shutdown in host cell
functions that accompany viral infections. Our findings indicate that
VV-infected APCs are capable of activating naive CD8" T cells, proba-
bly because presentation of endogenous viral antigens occurs too quick-
ly for the virus-induced alterations in cellular physiology to influence
the capacity of APCs to activate CD8" T cells. Direct presentation of
VV-encoded antigens is consistent with published data showing that
antigens expressed under the control of early VV promoters are more
immunogenic than those expressed by late promoters (which actually
produced greater amounts of antigen)'®! and that only early viral pro-
teins are produced by VV-infected DCs*.

We not only visualized the interaction of T cells with DCs expressing
NP-S-EGFP, we also observed antigen-specific clustering at DCs that did
not detectably express the NP-S-EGFP fusion protein. These cells may
have been infected, but synthesized the fusion protein in amounts that were
insufficient for visualization but sufficient to attract CD8" T cells.
Alternatively, these cells may have been cross-presenting NP-S-EGFP
acquired from other cells. NP produced by recombinant adenovirus under
the control of tissue-specific promoters is capable of priming NP-specific
CD8' T cells in a manner that is consistent with cross-priming®'. The clear-
est evidence to date to support the occurrence of cross-priming in viral
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infections? was provided when the immunogenicity of OVA produced by
a recombinant poliovirus in transgenic mice expressing the poliovirus
receptor was analyzed. The experiments showed that although the response
required bone marrow—derived APCs, these cells did not need to be infect-
ed by poliovirus. Less direct evidence to support the cross-priming of anti-
gen produced in a VV infection in vivo has also been reported™ and, in
vitro, DCs can cross-present antigen derived from canarypoxvirus-infected
cells that are undergoing apoptosis®*. VV does not typically induce apopto-
sis and has gene products that block apoptosis®?. Nevertheless, it is possi-
ble that cross-presentation of antigen from apoptotic (or even necrotic) VV-
infected macrophages in the lymph node contributes to the clustering of
CD8* T cells around uninfected DCs.

We found that VV-infected APCs are cleared rapidly from the PLNs,
even in the absence of transferred CD8" T cells that can accelerate the
clearance of infected cells. This resembled the CD4" T cell-mediated
clearance of peptide-loaded DCs®. However, in the presence of a high
frequency of precursors of specific TCR-transgenic CD8" T cells, we
found that infected cells were cleared in <24 h, compared to >48 h in the
case of CD4" T cells. The extent to which virus-infected cells are cleared
by CD8" T cell-mediated lysis versus lysis by NK and other immune
cells or virus-mediated cell death remains to be established. Given the
low numbers of APCs (~3,000 per node), it is conceivable that even low
frequencies of precursor virus-specific CD8" T cells could destroy all
the APCs. Given the low numbers of APCs (~3,000 per node), it is con-
ceivable that even low frequencies or precursor virus—specific CD8" T
cells would be capable of destroying all the APCs. Two findings argue
against this, though not conclusively. First, CD8" T cells acquired lytic
activity only after infected cells had vanished from the node. Second,
infected macrophages were lost despite our failure to observe their con-
tact with CD8" T cells.

Our finding that APCs are rapidly lost from the draining nodes concurs
both physically and functionally with reports that brief periods of T cell
exposure to antigen-pulsed APCs can lead antigen-specific CD8" T cells
to undergo multiple divisions in the absence of further antigen??.
Together, these observations support a model in which CD8" T cell
responses are activated very early in the course of a viral infection by rel-
atively few APCs. This may have evolved to minimize both response
times and the potential of viruses to interfere with CD8" T cell activation.
Indeed, it is notable that viruses with sophisticated strategies for interfer-
ing with CD8" T cell responses (for example, HIV and o~ and B-her-
pesviruses)®* induce robust CD8" T cell responses®'. This suggests that
these strategies are aimed at blocking the efferent function of CD8" T
cells rather than their activation.

Finally, our results suggest that the strong ability of VV to induce CD8"
T cells stems in part from its ability to rapidly express large amounts of
viral protein in DCs. Notably, foreign proteins expressed in VV are not
particularly immunogenic, an effect we have attributed to immunodomi-
nation mediated by immunodominant VV-proteins®. Because these pro-
teins are required for VV-infection, it is probably not possible to greatly
improve this situation. Rather, the creation of optimal CD8" T cell vac-
cines will require the development of a vector that, like VV, induces the
abundant synthesis of the nominal antigen in PLN DCs and creates the
danger signals necessary to induce and maintain CD8" T cell activa-
tion*3, but does so without expressing other foreign proteins.

Methods

Media and cell lines. Media were from Life Technologies (Gaithersburg, MD). The B3Z
hybridoma was maintained in RPMI 1640 containing 10% fetal bovine serum (FBS), penicillin,
streptomycin, nonessential amino acids, | mM sodium pyruvate and 2 mM glutamine (R-10).
For cell isolation, primary ex vivo cells were suspended in calcium-magnesium—free medium
supplemented with 10% FBS.
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Mice. TAP17 mice* (from L. Van Kaer, Vanderbilt University School of Medicine) were bred
onto a B6 background. OT-I mice* (from K. Hogquist, University of Minnesota), B6, TAP1~
and F5*” mice were all bred at Taconic Farms (Germantown, NY) under specific pathogen—free
conditions.

Viruses. The plasmid pNP-SIINFEKL-EGFP* consisted of a gene derived from the
influenza virus A/Puerto Rico/8/34 fused to chicken OVA(257-264), followed by a COOH-
terminal fusion to EGFP from aequorea victoria (Clontech, Palo Alto, CA). It was mutated
with the Quickchange mutagenesis kit (Stratagene, La Jolla, CA) with the oligonucleotides
forward (GCTTCCAATGAAAATATGGATGCTATGGAATCAGTACAC) reverse (GTG
TACTTGATTCCATAGCATCCATATTTTCATTGGAAGC). The product of this mutagene-
sis, pNP366NT60-SIINFEKL-EGFP, has two nucleotide changes; these changes convert an
immunodominant determinant of PR8 NP (ASNENMETM) to that of strain A/NT/60/68
(ASNENMDAM). The NP-SIINFEKL-EGFP open-reading frame was removed from
pNP366NT60-SIINFEKL-EGFP with Sall and Notl and cloned into similarly digested
pSC11SBAKN. The resulting plasmid, pSC1INP366NT60-SIINFEKL-EGFP, was then
used to construct a recombinant vaccinia virus with standard methods®.

Tissue sectioning and microscopy. PLNs were excised at various timepoints after infection,
embedded in Tissue Tek OCT (Miles Laboratories, Elkhart, IN), rapidly frozen by immersion
in liquid nitrogen—cooled isopentane and kept at —80 °C until use. Cryostat sections (8 um and
25 um) were cut at —20 °C, mounted on glass slides, air-dried, fixed and processed for immuno-
cytochemistry. Among the various fixatives tested, we found that fixation with 3.2%
paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, PA) in 0.15 M PBS, pH 7.4,
for 20 min at room temperature give the best results. This was judged by the preservation of
EGFP-intrinsic fluorescence, the degree of staining and the quality of the morphology. To avoid
nonspecific adherence of antibodies to murine Fc receptors, sections were incubated in Fc
Block (BD PharMingen, San Diego, CA), which contained 10% normal mouse serum (Sigma,
St. Louis, MO), for 30 min at room temperature. Then the sections were incubated with the fol-
lowing primary antibodies, which were diluted in this blocking reagent. Red-phycoerythrin (R-
PE)-conjugated rat anti-mouse I-A® (clone AF6-120.1), anti-mouse CD3e (clone 145-2C11),
anti-mouse CD8 (Ly2, clone 53-6.7), anti-mouse CD45R-B220 (cloneRA3-6B2), anti-mouse
CD11b (clone M1/70), anti-mouse CD11c (clone HL3) and anti-mouse Ly-6G (clone RB6-
8C5) were all from BD PharMingen. Rat anti-mouse CD169 (sialoadhesin or Siglec-1,
MCAR884, clone 3d6.112, IgG2a), anti-mouse metallophilic macrophages (clone MOMAL,
IgG2a), anti-mouse macrophages-monocytes (MCA519G, clone MOMA2, IgG2b),
anti-mouse macrophage scavenger receptor (MCA1322, clone 2f8, IgG2b), anti-mouse den-
dritic-interdigitating cells (MCA948, clone MIDC-8, IgG2a) and anti-mouse F4/80
(MCA497, clone F4/80, IgG2b) were all from Serotec (Raleigh, NC). The isotype-specific sec-
ondary antibodies biotinylated anti-rat IgG2a (RG7/1.30) and anti-rat 1gG2b (Rg7/11.1)
(PharMingen) followed by Texas red-streptavidin (or Cy5-streptavidin, both from Jackson
ImmunoResearch, West Grove, PA) were used to detect the corresponding primary antibodies.
Nuclei were stained with TO-PRO-3 iodide (Molecular Probes, Eugene, OR). Sections were
mounted in Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL). Staining
was visualized with a Zeiss Axioplan fluorescence microscope equipped with an MRC-1024
laser scanning confocal system controlled by Lasersharp 3.2 image acquisition and analysis
software from Bio-Rad Laboratories (Hercules, CA). The surface of the cryosection was visu-
alized with a x20 dry objective. Digital images were aligned and assembled to reconstruct the
whole (large) surface area of the sectioned lymph node with Adobe Photoshop 6.0 software
(Adobe Systems, Mountain View, CA). The localization of EGFP with various cell markers was
analyzed on z-series of high-resolution images (512x512 pixels; 92 nm*/pixel) obtained with a
%63 plan apochromat oil immersion objective and a x2.5 zoom. In addition, live lymph nodes
were visualized with a x40 water immersion objective. Although we obtained some informa-
tion using a conventional confocal microscope, most clusters appeared to be deeper than 100
um within the node (Fig. 6b). Therefore we also used a multiphoton laserscanning microscope
system Radiance 2000 (BioRad) on an Olympus BX50 upright microscope (Olympus,
Melville, NY) (Fig. 6a). Dual photon excitation was obtained from a Ti-Sapphire Millenia
pumped Tsunami laser (Spectra Physics, Mountain View, CA) used at 960 nm, with fluores-
cence emission detected with 515/30 (green) and 600/40 (red) emission filters. Samples were
visualized with a x60 water-immersion objective. A series of images from a 25 um-thick vol-
ume of the node were recorded over time and processed with Metamorph software (Universal
Imaging, West Chester, PA) to obtain Quicktime time-lapse movies.

T cell activation assays. Antigen presentation ex vivo was assessed by incubating lymph node
cells with the B3Z hybridoma specific for the OVA(257-264)-H-2K" complex’. Lymph nodes
were excised, diced and digested in 5 mg/ml of collagenase B (Boehringer, Boehringer-
Mannheim, Germany) in calcium-magnesium—free medium containing 10% FCS for 40 min
at 37 °C. Approximately 1x10° lymph node cells were incubated with 5x10° B3Z cells
overnight, and the percentage of B-galactosidase—positive activated cells scored as described®.

To analyze cytolytic activity, lymph nodes were removed and used as effectors in microcy-
totoxicity assays. Generally, 10° EL4 target cells were labeled with 100 uCi of Na’'CrO,
(Amersham, Arlington Heights, IL) in a minimum volume of medium at 37 °C for 60 min. EL4
cells were pulsed with the specific OVA(257-264) peptide or an irrelevant H-K"-binding pep-
tide, VSV NP(52-59). After two washes, 10* cells were aliquoted into round-bottom, 96-well
plates that contained serial dilutions of effector CD8" T cells. The radioactivity in supernatants
collected after 4-6 h of incubation at 37 °C was determined using a y-counter. The percentage
specific release was then determined as: % specific release = (CTL-induced release — sponta-
neous release)/(release by detergent — spontaneous release) X 100.
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To analyze the activation of adoptively transferred TCR—transgenic T cells, spleens were
collected ~16 h after infection or immunization, homogenized and centrifuged in prewarmed
Ficoll to yield mononuclear cells. Cells were stained with cychrome—anti-CD8 (clone 53-6.7),
either anti-V,2 (for OT-1, clone B20.1) or anti-V11 (for F5, clone RR3-15) and FITC-labeled
anti-CD69 (clone H1.2F3), anti-CD25 (clone 7D4) or anti-CD62L (clone 38C-13, all were
from BD-Pharmingen). Similar data were obtained with each of the activation markers, with
more cells showing up-regulation of CD69 than up-regulation of CD25 or down-regulation of
CD62L. This may have reflected the activation of transferred cells in sites that were distinct
from the spleen, as injected APCs are likely to be present and able to activate T cells in sites
such as the lung and liver after i.v. injection.

Adoptive transfer of T cells. TAP1"~ mice were sublethally irradiated with 800 rads. Lymph
nodes (popliteal, inguinal, brachial, axillary and superficial cervical), along with spleens, were
removed from F5 OT-I TCR-transgenic mice, homogenized and spun over Ficoll to yield
mononuclear cells. A purified T cell population was generated by incubation with anti-CD90
(Thy1.2) beads (Miltenyi Biotech, Auburn, CA) for 15 min on ice; positive cells were then iso-
lated with the AutoMACS system. After this purification, T cell populations were typically
85-95% pure. Between 5x10°-1x107 cells were injected into TAP1~" recipients. Before trans-
fer of F5 or OT-I cells into normal mice, purified T cells were labeled with 10 uM CMTMR
(5-(and-6)-(4-chloromethyl)benzoyl)amino)tetramethylrhodamine (cell tracker orange,
Molecular Probes) in medium.

Infection and immunization with primary APCs. For immunization with infected or pep-
tide-pulsed cell populations, spleens were removed from normal B6 mice, cut into small pieces
and incubated in collagenase B. The resulting cell population was depleted of red blood cells
by incubating in ACK lysis buffer (BioWhittaker, Walkersville, MD) for 5 min, then washed in
calcium-magnesium—free medium. Spleen cells were infected with VV at an approximate moi-
ety of infection of 10 for 1 h in balanced salt solution supplemented with 0.1% (w/v) bovine
serum albumin washed four times and ~4x107cells injected into recipient mice. In vitro infec-
tion of spleen cells infected the majority of cell populations, including macrophages and DCs,
but the largest proportion of infected cells were the MHC class II* B cells (data not shown). To
deplete infected spleen cells of DCs or B cells, the population was incubated with anti-CD11c
or anti-B220 magnetic beads (Miltenyi Biotech), then negatively depleted of the bead-binding
population using the AutoMacs system.
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