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SUMMARY

Despite extensive ex vivo investigation, the spatio-
temporal organization of immune cells interacting
with virus-infected cells in tissues remains uncertain.
To address this, we used intravital multiphoton
microscopy to visualize immune cell interactions
with virus-infected cells following epicutaneous
vaccinia virus (VV) infection of mice. VV infects kera-
tinocytes in epidermal foci and numerous migratory
dermal inflammatory monocytes that outlie the foci.
We observed Ly6G* innate immune cells infiltrating
and controlling foci, while CD8* T cells remained on
the periphery Kkilling infected monocytes. Most
antigen-specific CD8* T cells in the skin did not
interact with virus-infected cells. Blocking the gener-
ation of reactive nitrogen species relocated CD8*
T cells into foci, modestly reducing viral titers. Deple-
tion of Ly6G* and CD8" cells dramatically increased
viral titers, consistent with their synergistic but
spatially segregated viral clearance activities. These
findings highlight previously unappreciated differ-
ences in the anatomic specialization of antiviral
immune cell subsets.

INTRODUCTION

Skin presents a formidable barrier to pathogen invasion, and
many viruses require a breach in the epithelium to establish
infection. Some orthopoxviruses, including vaccinia virus (VV),
circumvent this problem by infecting epidermal keratinocytes
(Moss, 2001), a feature which Jenner famously exploited by epi-
cutaneously infecting patients. Inoculation of virtually the entire
human population with VV resulted in the eradication of
smallpox, by many measures the most dangerous of all human
pathogens (Fenner et al., 1988). While many factors contributed
to smallpox eradication, epicutaneous inoculation induces
a unique immune response poorly matched by other routes
(Liu et al., 2010). Indeed, skin scarification is essential for the
generation of tissue-resident memory CD8* T cells that protect
against subsequent poxvirus infection (Jiang et al., 2012).
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Due to intense interest in poxviruses as a standard for
successful vaccines, a vector for new vaccines (Sutter and
Moss, 1992), or potential bioterrorism agents (Lane et al.,
2001), the CD8" T cell response to VV has been remarkably
well characterized. VV peptides recognized by human or mouse
CD8" T cells have been identified (Moutaftsi et al., 2006;
Tscharke et al., 2005, 2006), leading to definition of robust
immunodominance hierarchies of CD8" T cells responding to
individual viral peptides (Flesch et al., 2010; Tscharke et al.,
2005, 2006; Yewdell, 2006). Knockout mice have revealed
gene products governing the strength of the VV-specific CD8*
T cell response (Remakus and Sigal, 2011; Salek-Ardakani
et al., 2009; Seedhom et al., 2012; Zhao and Croft, 2012).

Despite numerous ex vivo studies, surprisingly little is known
about the stoichiometric and spatiotemporal organization of indi-
vidual T cells interacting with virus-infected cells in situ. Detailed
understanding has, in part, been hampered by difficulty visual-
izing viral infection during the course of a natural replicative cycle
in vivo. Though live recombinant VV (rVV) and vesicular stomatitis
virus (VSV) have been visualized in lymph nodes (LNs) draining
subcutaneous injection sites (Hickman et al., 2011, 2008; lanna-
cone et al., 2010), neither virus replicates extensively nodally
(Hersperger et al., 2012; Simon et al., 2007). Additionally, rVV-
and VSV-infected LN cells die due to viral cytopathic effects
before naive T cells achieve full effector functions, precluding
their study as CD8" T cell targets (Hickman et al., 2008). Thus,
a critical unresolved question is how CD8" T cells physically
eliminate virus-infected cells and ultimately control active sites
of viral replication in situ.

In the present study, we use both static ex vivo and dynamic
intravital multiphoton microscopic (MPM) imaging to better under-
stand CD8" T cell-mediated control of virus replicating in the skin.
We found unexpected spatial organization and trafficking of
effector CD8* T cells. Rather than target infected keratinocytes,
CD8* T cells pursue and lyse infected inflammatory monocytes
that outlie lesions. In a sophisticated orchestration of immune cell
subsets, optimal virus clearance is achieved by coordination of
physically partitioned CD8" cells and Ly6G™ innate immune cells.

RESULTS

Visualization of Epicutaneous Vaccinia Virus Infection
To image rVV skin infection, we infected B6 mice epicutaneously
in the ear pinna with the bifurcated needle routinely used for
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Figure 1. Imaging Vaccinia Virus Infection of the Skin
(A) Confocal images of transverse ear sections. Upper left corner of each frame = d.p.i. Blue (DAPI) = nuclei; green = virus-infected cell.
(B) Viral titer/ear determined by plagque assay at indicated d.p.i. Dots represent individual ears. Error bars = SEM.

(C) Schematic of skin and representative keratins.
(D-F) Confocal images of transverse ear sections taken 5 d.p.i. Keratin 10 (D), 5 (E) or 6 (F) staining = white, nuclei = blue (DAPI), virus-infected cells = green. Higher

magpnification views shown in the two panels on the right; white staining is omitted.
(G) MIPs of MPM images of frontal ear sections. Dermis = blue (SHG), virus-infected cell = green. Scale bars = um.

human smallpox vaccination. To optimize the sensitivity and  geted to the nucleus of infected cells (VV-NP-S-eGFP) (Hickman
precision of infected cell tracking, we used an rVV expressing et al.,, 2011, 2008; Norbury et al., 2002). In frozen transverse
an eGFP (enhanced green fluorescent protein) fusion protein tar-  sections of infected ears (Figure 1A), we detected small numbers
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of isolated eGFP™ cells as early as 3 days postinfection (d.p.i.) By
plague assay, infected cell numbers peaked at 5 d.p.i., a time
when a majority of infected cells were physically located in large
epidermal keratinocytic foci (Figures 1A and 1B).

To determine the precise location of rVV-infected cells in
epidermal foci, we stained for keratins present in different layers
of the epidermis (illustrated in Figure 1C; reviewed in Freedberg
et al., 2001). Staining with keratin 10 localized infection to the
suprabasal layers of the epidermis (Figure 1D), which was
confirmed by location and lack of staining with the basal cell
marker keratin 5 (Figure 1E). rVV infection induced keratin 6
expression (Figure 1F), which is synthesized by hyperprolifera-
tive keratinocytes during wound healing (Navarro et al., 1995;
Weiss et al., 1984).

We next examined epicutaneously infected ears using MPM
(Figure 1G), distinguishing the dermis by collagen expression
(detected via second harmonic excitation [Li et al., 2012]). Paral-
leling plaque assays, eGFP*-infected cells were detected in the
dermis at 1 d.p.i. and accumulated in number before the appear-
ance of the large keratinocytic foci. By 10 d.p.i., we no longer de-
tected infected cells in most mice. Thus, MPM detects epicuta-
neous rVV infection of both dermal cells and epidermal
keratinocytes.

Migratory Inflammatory Macrophages Are Infected

by VV

Though MPM imaging studies have yet to report mobile virus-in-
fected cells (Hickman et al., 2011, 2008; lannacone et al., 2010;
Junt et al., 2007), migratory cells likely play important roles in
initiating antiviral responses (Bedoui et al., 2009). MPM imaging
over short time periods (30 min to 2 hr) revealed many motile
eGFP* dermal cells (Figure 2A and Movie S1). Flow cytometry
of cells isolated from ears 5 d.p.i. revealed numerous infected
(eGFP") CD45" leukocytes, a majority of which (~75%) were
CD11b* GR-1™ inflammatory monocytes (fully characterized
as CD45* CD11b* GR-1" LY6G~ F4/80~ CD11c™ cells [Fig-
ure 2B]). Inflammatory monocytes represent the prevalent in-
fected skin leukocyte over the infection course peaking 4-5
d.p.i. before greatly decreasing in number on day 6 (Figure 2C).
Notably, we also identified minor populations of eGFP* dendritic
cells (DCs) and Ly6G™ cells (neutrophils and recently defined
Ly6G* monocytes [Fischer et al., 2011]) (Figures 2C and S1).

Via MPM, many of the infected dermal cells appeared just
outside major keratinocytic foci. Immunohistology of frozen
sections revealed that outlying infected cells expressed CD11b
(Figure 2D), consistent with a macrophage lineage. As expected,
MPM imaging revealed that infected cells in large epidermal ker-
atinocytic foci were essentially sessile, with average speeds
< 1 um/min (Figures 2E and 2F and Movie S1). Many infected
cells outside of major lesions were motile, however, with an over-
all average speed of >2 pm/min (Figure 2F). Motile infected cells
(defined as cells with average speeds > 4 SD from cells in foci)
exhibited average speeds of ~4 um/min, similar to a moderately
motile lymph node cell (Lindquist et al., 2004).

To further examine the mobility of infected inflammatory
monocytes, we imaged LysM-eGFP mice (with green myelomo-
nocytes [monocytes, macrophages, and neutrophils] [Faust
et al.,, 2000])) infected with an rVV expressing blue fluo-
rescent protein VV-BFP-Ub-S (VV-BFP-ubiquitin-SIINFEKL, as
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describedinLev etal., 2010, pseudocolored magenta) (Figure 2G
and Movie S1). This revealed many motile eGFP* cells (myelo-
monocytes) that were also BFP* (infected with rvV).

To determine if these cells were productively infected (able to
generate infectious virus progeny), we sorted CD45" eGFP™ cells
from collagenase-digested ears 5 d.p.i. and performed plaque
assays (Figures 2H-2J). At peak infection, we estimated 3 x
10° infected inflammatory monocytes per ear, from which we
recovered 6.5 x 10* plaque-forming units (pfu) of virus (Figure 21).
In contrast, virus was not recovered from eGFP~ CD45* cells
from the same ears. Comparison to virus isolated from the total
cell population (including keratinocytes) before sorting revealed
that inflammatory monocyte-produced virus accounted for
~7% of the virus recovered 5 d.p.i. (Figure 2J). Together, these
data indicate that VV productively infects numerous GR-1™
inflammatory monocytes that surround keratinocytic foci and
that these highly motile cells produce infectious virus.

Uninfected Inflammatory Monocytes Rapidly Respond

to rVV Infection

Skin injury or infection induces migration of circulating blood
neutrophils, monocytes, and eventually lymphocytes to the
inflammation site (Werner and Grose, 2003). Flow cytometry of
dissociated ears revealed that most infiltrating cells were inflam-
matory monocytes (Figure 3A). Based on expression of the rvVV
reporter gene, most inflammatory monocytes in the skin were
uninfected with approximately 10% peak eGFP expression at
3 d.p.i. (Figure 3B). Immunohistology of frozen sections revealed
elevated numbers of CD11b* cells adjacent to infected cells,
penetrating dense infected keratinocytic foci 5 d.p.i. (Figure 3C).

We again used LysM-eGFP mice (eGFP* myelomonocytes) in-
fected with a BFP-expressing rVV (VV-NP-S-BFP, pseudocol-
ored magenta) to identify rVV-infected cells by MPM (Figure 3D).
High numbers of motile, uninfected eGFP* cells accumulated at
the infection site rapidly postinfection (Movie S2). By 4-5 d.p.i.,
uninfected eGFP* cells had invaded viral foci (Figures 3D
and 3E). Immunohistology showed that foci-infiltrating cells
expressed both GR-1 and Ly6G (Figure 3F), indicating that these
cells were not canonical GR-1™ LY6G™~ inflammatory mono-
cytes, but rather either Ly6G* monocytes (Fischer et al., 2011)
or neutrophils. While their late appearance and slower motility
than typical neutrophils (Chtanova et al., 2008) would be consis-
tent with LY6G* monocytes, caution dictates that we refer to
them henceforth as Ly6G* cells. Treatment of mice with
a depleting anti-Ly6G antibody resulted in lesions devoid of
eGFP* cellular infiltration, yet clearly spared many outlying
eGFP™* cells (Figure 3G). Thus, both inflammatory monocytes
and Ly6G" cells respond vigorously to epicutaneous infection,
with Ly6G* cells penetrating epidermal foci.

What is the function of infiltrating cells during rVV infection?
Both monocytes and neutrophils can produce reactive oxygen
and nitrogen species (ROS and RNS, respectively) at sites of
inflammation (Babior, 2004; Halliwell, 2006). To determine which
infiltrating cells produced ROS, we isolated cells 5 d.p.i. and
treated them with a cell-permeant substrate (CellROX) that
becomes fluorescent upon oxidation (Figure 3H). Both inflamma-
tory monocytes and Ly6G™ cells produced ROS, with the highest
fluorescence observed in the latter. ROS and RNS can induce
cellular, DNA, and protein damage through production of
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Figure 2. Mobile Inflammatory Monocytes that Outlie Keratinocytic Lesions Are Infected

(A) MPM images of mobile infected cells in the dermis. Virus-infected cell = green, dermis = blue, time = min. A highly motile cell is circled; track shown in white.
(B) Representative flow dot plots of cells recovered from collagenase-dissociated ears at 5 d.p.i. Plots were gated on CD45" leukocytes. Middle panel shows total
CD11c™, CD11b*, GR-1™, and " cells. Right panel gated only on infected (eGFP*) cells.

(C) Number of each subset of infected cells per ear. N = 6 ears/time point. Error bars = SEM.

(D) Confocal images of frontal ear sections at 5 d.p.i. with VV-NP-S-eGFP (virus = green, nuclei = blue (DAPI), CD11b staining = white). Bottom panels: higher
magpnification of red dashed boxes. Right panels: no white staining.

(E) MPM images of infected cells in a keratinocytic lesion at 5 d.p.i. (top panels) or in outlying cells (bottom panels) over a 2 hr period. Virus-infected cells = green,
dermis = blue. Right panels: Cell migration tracks of infected cells translated to the same origin. Scale is shown in upper left in um/box of grid (note that grid area is
larger for outlying infected cells [bottom]). Tracks classified by mean cell speed (slow [blue] to fast [red]).

(F) Mean cellular speed within lesion (blue dots), outside of lesion (green dots), or those >4 SD from speeds of those in lesion (green dots, right). Average speeds
and SEM shown.

(G) MPM images of a LysM-eGFP mouse infected with VV-BFP-Ub-S (pseudocolored magenta). Colocation of green/magenta is shown in white. Cell migration
track (right panel). Scale bars = um.

(H) Confocal image of a sorted eGFP* CD45™ cell as overlay (left panel) or individual channels (right panels). CD45 = white, VV-NP-S-eGFP = green, nuclei = blue.
(1) Viral titers from sorted, infected (eGFP*), or uninfected (eGFP~) CD45" cells at 5 d.p.i., normalized to the average number of infected cells recovered per ear.
(J) Contribution of outlying infected cells to total infectious virus at 5 d.p.i. Each experiment was repeated 3-4 times with three to ten mice per group. Scale bars =
um. See also Figure S1 and Movie S1.

peroxynitrite, a powerful oxidizing and nitrating agent typically = BFP with anti-nitrotyrosine antibody revealed intense staining
detected by the presence of nitrotyrosine (Szabd et al., 2007). in and around foci in areas dense with infiltrating eGFP™ cells
Immunohistology of LysM-eGFP* mice infected with VV-NP-S-  (myelomonocytes) (Figure 3J). Importantly, nitrotyrosine staining
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Figure 3. Innate Cells Immigrate into Tissue and Infiltrate Keratinocytic Lesions
(A) Number of cells per subset per d.p.i. N = 6 ears/time point. Error bars = SEM.
(B) Percent of total CD11b* GR-1™ Ly6G~ F4/80~ CD11c™ cells infected with VV (expressing eGFP) at each d.p.i. Line = mean. Dots = individual ears.
(C) Confocal images of transverse ear sections. CD11b = white, nucleii = blue, virus-infected cell = green, d.p.i. in upper right corner.
(legend continued on next page)
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was eliminated by depletion of GR-1* (Ly6CG™) cells even in
heavily infected areas (Figure 3l). Taken together, these data
strongly suggest that infiltrating inflammatory monocytes and
Ly6G™* cells produce ROS that eventually lead to protein nitration
in and around viral lesions.

CD8* T Cells Eliminate Infected Inflammatory
Monocytes

CD8" T cells participate in controlling VV infection after either
intraperitoneal (i.p.) or intranasal (i.n.) infection (Moutaftsi et al.,
2009; Xu et al., 2004), and long-lasting immunity generated by
VV vaccination is CD8" based (Liu et al., 2010). Therefore, we
originally hypothesized that antigen-specific CD8" T cells would
enter keratinocytic lesions and eliminate infected cells.

We analyzed effector CD8™" T cell behavior by adoptively trans-
ferring 2 x 10° dsRed OT-I TCR transgenic CD8" T cells (which
recognize K°-SIINFEKL), infecting, and performing flow cytome-
try on dissociated ears. OT-I cells appeared 5 d.p.i., plateaued in
number at 6-7 d.p.i., and decreased at 8 d.p.i. (Figure 4A).
Surprisingly, MPM revealed that mobile T cells encircled, but
did not penetrate, keratinocytic foci, instead moving in paths
just outside of the lesions (Figures 4B and 4C). Side views of
3D reconstructions of either MPM or cryosection z-slices re-
vealed that T cells were located in the dermis (blue) surrounding
and beneath epidermal lesions at 5-6 d.p.i. (Figures 4D and 4E
and Movie S3). By 7 d.p.i. most lesions appeared “open” (with
a nonfluorescent center) with small numbers of T cells pene-
trating (Figure 4D, bottom panel). We confirmed the spatial sepa-
ration of T cells and lesions by transferring dsRed OT-I cells into
LysM-eGFP mice and infecting with NP-S-BFP (Figure S2 and
Movie S3). Taken together, these data indicate that CD8*
T cells infrequently infiltrate large keratinocytic foci, consistent
with the idea that CD8™ T cells play only a limited role in clearing
virus from these lesions.

Could CD8" T cells be patrolling the lesion periphery to deal
with outlying cells infected by virus emanating from the lesion?
MPM revealed that CD8" T cells actively pursued outlying in-
fected inflammatory monocytes, often extending pseudopodia
through tight spaces to contact infected cells (Figure 4E). In
several instances, we imaged CD8"* T cells killing outlying in-
fected cells, generating eGFP-containing cell debris, and then
retreating (Figures 4F and 4G and Movie S3). Using a spot detec-
tion algorithm to further characterize fragments in one instance,
a single GFP* cell broke into >6 spots with diminishing diameter
and fluorescence (Figure 4H). After substantial numbers of T cells
had entered the skin, most of the eGFP signal near large foci was
restricted to cell fragments <5 pum in diameter (compared to
10-15 um for intact cells), consistent with efficient CD8" T cell-
mediated destruction of virus-infected outlying cells (Movie S3).
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To quantitate the participation of CD8" T cells in eliminating
rVV-infected cells outside foci, we enumerated infected cells
at different d.p.i. (Figure 4l). As before, gating on CD45" cells
(those of hematopoietic origin) revealed that ~2% of the total
leukocytes in the ear were rVV-infected 5 d.p.i. When high
numbers of OT-I cells were present in the skin 6 d.p.i., we no
longer detected large quantities of eGFP* infected cells. CD8*
depletion increased numbers of infected cells, while NK deple-
tion had a minor effect (Figure 4J). Under the same conditions,
infection with rVV lacking OT-lI cognate Ag (VV-NP-eGFP)
increased infected cell numbers relative to infection with VV-
NP-S-eGFP (Figure 4K). This effect was less dramatic, however,
than total CD8 depletion, demonstrating a role for endogenous
CD8* T cells in clearing infected leukocytes but also showing
that endogenous responders are limiting at this time point.

Taken together, these data indicate that CD8* T cells are prin-
cipally responsible for elimination of infected inflammatory
monocytes that outlie major keratinocytic foci.

Chemokines Are Induced by VV Scarification and
Localize to Viral Lesions

How are CD8" T cells physically excluded from lesions, while
Ly6G™* cells readily enter? Molon et al. (2011) described a similar
phenomenon in antitumor responses due to chemokine nitration.
While monocytes responded to nitrated chemokines and
entered tumors, T cells could not. To determine if a similar mech-
anism occurred after rVV infection, we quantitated temporal che-
mokine production in the ear using multiplex protein analysis
(Figure 5A). CCL2, a monocyte chemoattractant (reviewed in
Deshmane et al., 2009), exhibited the largest early increase,
consistent with the rapid response of inflammatory monocytes.
Levels of T cell-tropic CCR5-ligand chemokines CCL3, CCL4,
and CCL5 increased beginning 5 d.p.i., concomitant with T cell
entry into the ear. Since we previously reported that CCR5-
ligand chemokine expression attracts OT-I CD8* T cells and
partially dictates their location after lymph node rVV infection
(Hickman et al., 2011), we next determined chemokine location
in the infected skin. Immunohistology of LysM-eGFP* ears
5 d.p.i. with VV-NP-S-BFP (Figure 5B) revealed both CCL3 and
CCL5 (and less intense CCL4) staining concentrated in and
around rVV lesions. Thus, T cell-tropic chemokines are produced
after rVV infection and found within viral lesions, but T cells do
not enter the lesion.

The presence of eGFP* myelomonocytes producing ROS in
the same area as the heaviest chemokine staining suggested
possible protein nitration. Thus, we stained sections 5 d.p.i. for
both nitrotyrosine (red) and CCL3 (gray) (Figure 5C). The two
stains colocalized intensely inside the lesion and outside lesions
to a lesser extent. Calculating the ratio of CCL3 (the CCR5-ligand

(D) MIPs of MPM images (frontal sections) of LysM-eGFP mice (green macrophages, monocytes, and neutrophils) infected with VV-NP-S-BFP (pseudocolored
magenta). Dermis = blue, red dashed lines highlight lesions, d.p.i. in upper right corner.

(E) Higher magnification images of LysM-eGFP at 5 d.p.i. Right panel: only infected cells (magenta).

(F) Transverse ear section at 5 d.p.i. with NP-S-eGFP (green), stained for with GR-1 (Ly6CG, left) or LYBG (right). Staining = white, nuclei = blue (DAPI).

(G) MIP of MPM images of LysM-eGFP mice at 5 d.p.i. with VV-NP-S-BFP (pseudocolored magenta) after anti-Ly6G antibody depletion.

(H) Flow cytometric histograms showing CellROX fluorescence (ROS indicator) by each cell subset.

(I) Frozen sections from LysM-eGFP mice at 5 d.p.i. with VV-NP-S-BFP (pseudocolored magenta) stained for nitrotyrosine (white). Top panels: control mice.
Bottom panels: anti-Ly6CG-depleted mice. White channel alone (middle). Confocal images were repeated twice. Other experiments were repeated 3-4 times

with three to four mice per group. Scale bars = um. See also Movie S2.
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Figure 4. CD8" T Cells Are Excluded from Lesions but Eliminate Peripheral Infected Inflammatory Monocytes
(A) OT-1 CD8" T cells in ear after VV-NP-S-eGFP infection. A total of 2 x 10° dsRed OT-l CD8* T cells were adoptively transferred prior to infection. Error bars =
SEM; N = 8 ears/d.p.i.

(legend continued on next page)
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chemokine with the best immunohistochemical staining) to nitro-
tyrosine staining revealed that the ratio of CCL3/nitrotyrosine
was much higher outside lesions than within (Figures 5D-5G).
To quantify this effect, we analyzed ~25 higher magnification
images, categorized as either lesion-bearing (Figure 5E) or
outlying infected cell-bearing (Figure 5F), and calculated the
CCL3/nitrotyrosine ratio (Figure 5G). We found a CCL3/nitrotyr-
osine ratio of 1.06 inside lesions versus 1.95 outside in areas
containing infected inflammatory monocytes.

Thus, although nitrotyrosine was present in both areas,
unmodified chemokine is favored outside viral lesions. Taken
together, these data are consistent with chemokine nitration
controlling T cell localization within and around VV lesions.

Peroxynitrite Products Dictate T Cell Location during
Infection

If chemokine nitration (or nitration of any chemoattractant)
dictates T cell exclusion from lesions, inhibition of peroxynitrite
could result in T cell penetration. To test this, we transferred
dsRed OT-I cells into LysM-eGFP mice and infected with VV-
NP-S-BFP. At 4 d.p.i. we treated with a single dose of (3-[amino-
carbonyl]furoxan-4-yl)methyl salicylate (AT38), a potent inhibitor
of peroxynitrite generation (Molon et al., 2011). Remarkably,
MPM images of AT38-treated mice showed a clear redistribution
of T cells into viral lesions (Figure 6A, top panels, and Movie S4).
Although lesion size at 5 d.p.i. was unaffected by AT38 treatment
(Figure S3), the number of CD8" T cells within lesion boundaries
increased ~3.5-fold (Figure 6B).

Presumabily, relocated T cells could now eliminate previously
inaccessible virus-infected keratinocytes. In this case we would
predict that lesions would no longer appear as solid spheres of
fluorescence, but instead have dark regions where fluorescent-
infected keratinocytes once Ilurked. Examination of lesion
morphology 6 d.p.i. (1 day after initial T cell entry) in the presence
or absence of AT38 (Figures 6C and 6D) revealed that lesions in
control mice remained largely in a closed conformation (e.g., no
dark center). Significantly more lesions in treated mice were
open (dark center) and often discontinuous. Importantly, treat-
ment with AT38 in conjunction with CD8* T cell depletion elimi-
nated lesion opening, demonstrating that CD8* T cells were
required for this effect. Consistent with enhanced CD8* T cell
encounters with virus-infected cells inside the lesion, we
observed a trend toward elevated numbers of OT-I production
of IFN-v in AT38-treated mice (Figure 6E).
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Next, we visualized CD8* T cell interactions with infected ker-
atinocytes inside viral lesions after AT38 treatment (Figure 6F).
T cells formed long-lasting interactions with keratinocytes, and
in several instances we observed retreating T cells containing
fluorescent keratinocyte fragments, consistent with Kkilling.
Moreover, AT38 treatments decreased virus titers 2-fold at
6 d.p.i., consistent with T cell effector function (Figure 6G). By
7 d.p.i. lesions were naturally opened, and there was no signifi-
cant difference in AT38- versus vehicle-treated mice (Figure 6G),
providing an internal control for the nonspecific effects of AT38
on virus recovery.

Taken together, these data suggest that peroxynitrite prod-
ucts control CD8* T cell entry into, and consequent activity
within, viral lesions.

CD8"* T Cells and Ly6G™* Cells Synergize to Clear
Epicutaneously Administered Virus
The locations of Ly6G* cells within lesions and CD8* T cells
outside lesions suggested specific functions for each cell subset
in rVV clearance. As described above, CD8" T cells eliminate
outlying infected inflammatory monocytes (Figure 4). To examine
the role of CD8* T cells in resolving lesions, we infected mice with
rVV, allowed effector T cells to eliminate outlying infected cells
(which occured prior to 6 d.p.i.), then antibody-depleted CD8*
T cells (Figure 7A). After 4 days, we examined the number and
type of lesions in the presence or absence of CD8* T cells (Fig-
ure 7B). Under both conditions we observed a few remaining
lesions with hollow, nonfluorescent centers (open) along with
many partially resolved lesions (disturbed collagen but no remain-
ing fluorescence). Statistically, CD8 depletion had no effect on the
number of open, fluorescent lesions (Figure 7B). Hence, CD8*
T cells are not necessary for viral lesion clearance after the initial
elimination of outlying virus-infected inflammatory monocytes.
By contrast, treating mice with anti-Ly6G antibody to deplete
lesion-infiltrating Ly6G* cells delayed clearance of lesions (Fig-
ure 7C), with >80% of 7 d.p.i. lesions remaining in a solidly fluo-
rescent, closed conformation, compared to only ~20% in control
mice (Figure 7D). However, viral titers were only increased
~3.25-fold by Ly6G* cellular depletion (Figure 7E). Thus,
although Ly6G* monocytes infiltrate lesions and are more effi-
cient at viral clearance than relocated T cells (Figure 6G), they
cannot single-handedly eliminate all infectious virus in the skin.
Since neither CD8" T cells nor Ly6G* monocytes alone could
control viral infection, we addressed their potential synergism

(B) MIP MPM images of OT-I CD8" T cells (red) at the border of a keratinocytic focus (green). Dermis = blue. Tracks of T cells over 24 min (right panel). Individual

boxes = 10 um.

(C) MIP MPM images. OT-1 CD8* T cells = red, virus-infected cell = green. Bottom panels: only CD8" T cells with lesion location outlined (dashed lines).

(D) Side views of MIP MPM images showing T cell (red) location relative to keratinocytic lesion (green).

(E) MIP MPM images of an OT-I cell (red) squeezing through the dermis (collagen; blue) to interact with a VV-NP-S-eGFP-infected cell (green).

(F) MIP MPM image of OT-I CD8" T cells (red) outside of a keratinocytic lesion (green, indicated with a white arrow). Dashed box shown in higher magnification.
(G) MPM images of a T cell killing a VV-infected cell. Time (min) shown in lower right. Dashed circle highlights interaction.

(H) Spot calculations of target cell. Top panel: number of spots detected (red) compared to the average diameter of spots (blue). Bottom panel: mean fluo-

rescence of all spots (blue) compared to a nontarget control.

(I) Flow cytometric plots of GFP* infected cells recovered 5 (left) or 6 (middle) d.p.i. Right: plot at 6 d.p.i. with CD8-depleting antibody throughout infection.

Numbers indicate percentage of eGFP* leukocytes recovered.

(J) Individual ears from mice at 5 d.p.i. (dots, left), 6 d.p.i. (dots, middle left), 6 d.p.i. with anti-CD8 (triangles), or 6 d.p.i. with anti-NK1.1 (squares). Lines show

means.

(K) As in (J) but with mice infected with a virus lacking SIINFEKL (middle diamonds and triangles) compared to one expressing cognate antigen for OT-I cells
(circles). Flow experiments were performed at least 3 times with 3-5 mice/group. Statistics = Student’s t test. MPM imaging experiments were performed at least
6 times with two to five mice per group. Scale bars = um. See also Figure S2 and Movie S3.
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Figure 5. Chemokines Induced by VV Infection Localize to Viral Lesion and Sites of Protein Nitration
(A) Protein levels of chemokines at indicated d.p.i. (x axis) as determined by multiplex protein assay. Scale bar = SEM. Multiplex experiments were performed 3

times with three to six mice per group.
(B) Confocal images of frozen sections from LysM-eGFP mice at 5 d.p.i. with VV-NP-S-BFP (pseudocolored magenta) stained for different chemokines (grey).

Antibody chemokine specificity is indicated on left panel. Control = secondary antibody staining alone.
(legend continued on next page)
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by codepleting the two cell subsets (Figure 7F). Codepletion
increased viral titers >25-fold at 7 d.p.i., far greater an increase
than depletion of a single cell type. With continued codepletion,
we observed fluorescent lesions (closed, solid) remaining at
14 d.p.i., which we never observed in untreated mice (Figure 7G).
Likewise, codepleted ears still contained infectious virus at 14
d.p.i., while controls did not (Figure 7H). Finally, depletion of
both cell types resulted in considerable necrosis and pathology
in infected ears of antibody-treated mice (Figure 7I).

Taken together, these data lead to the critical conclusion that
a spatially coordinated and synergistic attack of innate and
adaptive immune effectors is required to control acute viral infec-
tion in the skin.

DISCUSSION

While the contributions of the various immune effector cells to
controlling a given viral infection are imperfectly known, it is
increasingly clear that CD8" T cells participate in resolving
and/or preventing many infections. This has enhanced enthu-
siasm for vaccines aimed principally at generating protective
CD8* T cell responses (Nolz and Harty, 2011). Fully harnessing
the power of CD8" T cells for vaccines demands knowledge of
the optimal method for eliciting cells that provide the most potent
antiviral effector function at infection sites. In this study, we used
multiphoton microscopy to examine multiple aspects of the
CD8* T cell response to viral infection in situ.

Vaccinia virus robustly replicates in the skin when inoculated
via scarification, the current and classical route for smallpox
vaccination (Moss, 2001; Yirrell et al., 1994). VV infects both
suprabasal epidermal keratinocytes, as expected, but also
sizable numbers of mobile inflammatory leukocytes recruited to
infected keratinocytic lesions (Figures 1 and 2). Infected inflam-
matory monocytes produce infectious virus, making them poten-
tially dangerous vehicles for viral dissemination given their high
mobility. MPM clearly reveals that CD8* T cells pursue and elim-
inate mobile infected cells before they can broadcast virus.

Although the precise kinetics of virus-infected cell killing will
require further study, we observed CD8" T cell lysis of infected
inflammatory monocytes minutes after cellular conjugate forma-
tion (Movie S3), suggesting that CD8* T cells are highly efficient
at eliminating these cells. Conversely, rather than kill infected
keratinocytes, T cells instead patrolled lesion boundaries (Fig-
ure 4). A pharmacological blockade of peroxynitrite generation
enabled T cells to enter lesions where they could eliminate in-
fected keratinocytes (Figure 6). This demonstrates that T cell
entry into lesions is signal limited, likely due to nitration of
chemotactic factors in the highly chemically reactive environ-
ment generated by Ly6G™* cells infiltrating lesions. This exquisite
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spatial segregation of CD8" T cells leads to the surprising
conclusion that the majority of Ag-specific antiviral CD8*
T cells in VV-infected ears do not interact with virus-infected
cells, even when the latter exists in high numbers. Ergo, simply
counting the local CD8* T cell response is insufficient to gauge
the effectiveness of the response since it ignores anatomic
complexities that limit CD8* T cell antiviral activity.

Why would the immune system segregate antiviral effectors?
Perhaps this allows CD8* T cells to focus on mobile infected cells
that might escape immune clearance without dallying with infected
cells that can be controlled via other means. Alternatively, CD8*
T cells may be dysfunctional or destroyed in the lesion interior in
the presence of high levels of ROS/RNS, while monocytes can
better handle the chemical stress that they generate themselves.

Although many important questions remain regarding the
participation of other innate and adaptive immune cells in
resolving peripheral infections and repairing damaged tissues,
our findings provide a template for understanding the anatomic
specificity of various effector cell functions and underscore the
importance of real-time intravital imaging to account for the
dynamic behavior of cells as a critical determinant of immunity.

EXPERIMENTAL PROCEDURES

Mice

Specific pathogen-free C57BL/6, B6(Cg)-Tyrc-2J/J (albino B6), and STOCK
Tg (CAG-DsRed*MST)1Nagy/J were obtained from The Jackson Laboratory
or from Taconic Farms. LysM-eGFP mice (Faust et al., 2000) were acquired
through the NIAID Intramural Research Repository and bred in house. STOCK
Tg (CAG-DsRed*MST)1Nagy/J were crossed to OT-I TCR transgenic mice
(acquired through the NIAID Intramural Research Repository) to create DsRed
OT-I mice. In all experiments, 6- to 16-week-old mice were used. All mice were
housed under specific pathogen-free conditions (including MNV, MPV, and
MHYV). All animal procedures were approved by and performed in accordance
with the NIAID Animal Care and Use Committee.

Viruses and Infections

Mice were infected epicutaneously in the ear pinna by 10-15 pokes with a bifur-
cated needle dipped in rVV (stock titer ~1 x 108 pfu/ml). VV-NP-S-eGFP has
been previously described (Norbury et al., 2002); VV-NP-S-BFP (with blue fluo-
rescent protein instead of green) was constructed according to established
protocols (Earl et al., 2001). VV-BFP-Ub-SIINFEKL was constructed to allow
liberation of SIINFEKL peptide by cytosolic ubiquitin hydrolase (described in
Fruci et al., 20083).

Adoptive Transfers

CD8* T cells were purified by negative selection using magnetic-activated cell
sorting (MACS) (Miltenyi Biotec). Cells were 90%-95% pure by flow cytometry.
A total of 2 x 10° dsRed OT-I cells were transferred prior to infection.

Antibody and Drug Administration
Unless otherwise indicated, mice received 0.5 mg of anti-CD8 (clone 2.43) or
GR-1 (clone RB6-8C5), or 0.25 mg of anti-Ly6g (clone 1A8) alone or together

(C) Left panel: Confocal image of a frozen section (WT mouse) at 5 d.p.i. with VV-NP-S-BFP (pseudocolored magenta) stained for nitrotyrosine (red) and CCL3
(grey). Right panel: colocalization of nitrotyrosine and CCL3 staining (yellow). Lesion borders = dashed lines.
(D) Ratiometric image of CCL3 staining/nitrotyrosine staining. Highest ratio of CCL3 to nitrotyrosine is indicated by red coloring as shown in scale bar. Foci

borders = dashed lines.

(E) Higher magnification image of a lesion (pseudocolored magenta) at 5 d.p.i. stained for nitrotyrosine (red) and CCL3 (gray). Ratio images (right); lesion borders =

dashed lines.

(F) As in (E) but showing region of outlying infected inflammatory monocytes. Infected cell (magenta) surrounded by areas of high CCL3 to nitrotyrosine ratios

highlighted by circles.

(G) Numerical calculation of ratio of CCL3 to nitrotyrosine MFI in regions of foci or outlying infected inflammatory monocytes. Mean and SEM are shown.
Statistics = Student’s t test; scale bars = um. Confocal imaging experiments were performed twice; N = 6/group.
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Figure 6. Peroxynitrite Blockade Relocates T Cells into Keratinocytic Lesions

(A) MPM MIP images of LysM-eGFP mice at 5 d.p.i. with VV-NP-S-BFP (magenta). CD8" T cells (red) were imaged with (top panels) and without (bottom panels)
AT38 treatment. Imaging depth was limited to lesion depth (i.e., beneath lesion is not shown).

(B) T cells per lesion + AT38 as determined by MPM. Results were summed from foci in four mice/group.

(C) MPM images of ears at 6 d.p.i. + AT38. Foci = magenta, dermis = blue.

(D) Percent of lesions that are closed (e.g., no nonfluorescent center) at 6 d.p.i. + AT38 determined microscopically. Far column = CD8-depleted, AT38-treated mice.
(E) Percentage of IFN-y-producing OT-I cells + AT38 at 6 d.p.i.

(F) MPM image within a VV-NP-S-BFP lesion (magenta) at 5 d.p.i. OT-I CD8* T cells = red, dashed box = higher magnification (right). Right panels: T cell carrying
off a piece of infected keratinocyte. Arrow highlights interaction. Time (min) in upper right.

(G) Viral titers at 6 and 7 d.p.i. + AT38. Experiments were repeated at least 3 times with three to six mice per group. Error bars = SEM,; statistics = Student’s t test;
scale bars = pm. See also Figure S3 and Movie S4.
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Figure 7. CD8" T Cells and Ly6G* Cells Exert Coordinated Control of Peripheral Virus Infection
(A) MPM images at 10 d.p.i. in control (left panels) or CD8-depleted (right panels) mice. Mice were given CD8-antibody beginning on day 6. Lesions = magenta,

dermis = blue.
(B) Number of lesions/ear at 10 d.p.i. in control and CD8-depleted mice.

(C) MPM images at 7 d.p.i. = anti-Ly6G antibody. Lesions = magenta, dermis = blue.
(D and E) Percent of lesions that are closed (e.g., no nonfluorescent center) (D) or viral titers (E) at 7 d.p.i. with Ly6G depletion.

(F) Viral titers at 7 d.p.i. with depletion of CD8 alone (middle) or in conjunction w
(G-1l) MPM images (G) at 14 d.p.i., viral titers (H), and photographic images (I) wi

ith Ly6G-depletion (right).
ith continuous depletion of CD8" T and Ly6G* cells. Experiments (A)-(F) were

repeated at least 3 times with three to six mice per group. Experiments (G)—(l) were repeated twice with five mice per group. Scale bar = uym; statistics = Student’s

t test; error bars = SEM.

intraperitoneally (i.p.) at day 0 and every other day thereafter. For analysis of
lesion resolution in the absence of T cells, mice were given anti-CD8 (clone
2.43) on days 6, 8, and 10. Antibodies were purchased from Bio X Cell.
AT38 was dissolved in 1% carboxymethylcellulose in sterile saline solution,
and 0.5 mg was injected intraperitoneally at 4 or 4 and 5 d.p.i. as indicated.

Flow Cytometric Analyses

Single-cell suspensions of ears were prepared by collagenase digestion
(type 2, Worthington Biochemical) and filtration through 70 pm nylon cell
strainers. Cells were stained with CD45 (30-F11), CD8 (53-6.7), CD11c
(HL3), CD11b (M1/70), CD103 (2E7), Ly6CG (GR-1, RB6-8C5), Ly6G (1A8),
F4/80 (BM/8), and CD45.1 (A20) (eBioscience). For staining for IFN-y
production, brefeldin A (10 pg/ml, Sigma-Aldrich) was added during collage-
nase digestion, and cells were incubated an additional 2 hr in BFA-contain-
ing RPMI (Life Technologies). Cells were stained for CD8 and CD45.1, fixed
with 3.2% paraformaldehyde, and stained with anti-IFN-y (clone XMG1.2,
eBioscience) in 0.5% saponin. Cells were stained for CellROX (Life Technol-
ogies) with a 2 hr incubation.

Viral Titering via Plaque Assay

Ears were collagenase digested, disrupted by pipetting, freeze-thawed 3
times, sonicated 3 times, serially diluted, and plated on TK™ cells. Cells were
incubated for 2 days and plaques counted.

Cell Sorting and Plaque Analysis

Ears from five to ten mice per group were dissociated with collagenase, and an
aliquot was frozen at this point. Cells were filtered and stained for CD45 (30-
F11) and sorted (BD FACSAria) into eGFP* CD45" and eGFP~ CD45* subsets.
Sorted cells and the whole-ear aliquot were titered via plaque assay. pfu from
sorted cells were normalized to 3 x 10° cells, the average number of infected
inflammatory monocytes per ear. Percentage contribution of outliers was
calculated as pfu per 3 x 10° sorted cells/total pfu per ear.

Statistics
Significances were calculated by GraphPad (Prism) using an unpaired
Student’s t test.

Multiplex Protein Assay

Ears were homogenized in a balanced salt solution supplemented with 0.1%
BSA and a complete protease inhibitor cocktail (Roche). Samples were
analyzed with a FlowCytomix kit (eBioscience) on a BD LSR Il flow cytometer,
and values were calculated using FlowCytomix Pro software.

Confocal Microscopy of Frozen Sections

Ears were embedded in OCT medium (Electron Microscopy Sciences) and
frozen in dry-ice cooled isopentane. Twenty-micron sections were cutona Le-
ica cryostat (Leica Microsystems). Sections were fixed in ice-cold acetone for
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5 min before blocking with 5% goat or donkey serum then staining with CD8
(563-6.7), CD11b (M1/70), Ly6CG (RB6-8C5), Ly6G (1A8), nitrotyrosine (poly-
clonal rabbit; Millipore), keratin 5, keratin 6, or keratin 10 (polyclonal rabbit;
Abcam). For chemokine staining and nitrotyrosine/chemokine costaining, ears
were fixed in PLP fixative overnight, cryoprotected in 15% sucrose, sectioned,
and stained with the antibodies CCL3, CCL4, and CCL5 (all goat polyclonal; RND
System) followed by detection with donkey anti-goat DyLight 649 and donkey
anti-rabbit Rhodamine Red-X (Jackson ImmunoResearch). Sections were incu-
bated with secondary antibodies only as controls, and images were acquired
using identical PMT (photomultiplier tube) and laser settings.

Intravital MPM Imaging

MPM imaging was performed as described previously (Hickman et al., 2008).
Briefly, images were acquired on an upright Leica SP5 confocal microscope
(Leica Microsystems) equipped with two Mai Tai Ti:Sapphire lasers
(Spectra-Physics) with 10 watt pumps. Ears were immobilized and bathed in
warm saline and imaged with a 20x dipping objective (NA 1.00). Series were
obtained in single mode for eGFP/collagen/dsRed imaging (900 nm laser).
BFP/collagen/eGFP/dsRed imaging was performed in sequential mode
(900 nm and 800 nm lasers). Emitted fluorescence was collected with a four-
channel nondescanned detector equipped with a 495 nm dichroic with 460/
50 and 525/50 nm bandpass emission filters and a 560 nm dichroic with
a 610/60 nm bandpass emission filter. Most movies were acquired using 2 X
zoom, 3 um z step (total depth of 45 um) every 30 s (or 60 s, sequentially).
Side-view images were acquired at 1024 x 1024 resolution, 1.5 um z step,
and a total depth of 80-300 pum.

MPM and Confocal Image Analysis
Maximum intensity projections (MIPs) were processed from z stacks using
Imaris (Bitplane). Because both collagen (second harmonic generation) and
BFP appear in the blue channel, BFP expression was pseudocolored magenta
for clarity. In some cases, eGFP was also pseudocolored magenta for continuity
in figures. For tracking cellular movement, images were processed using
aGaussianfilter, then tracks were calculated using the “spot” function of Imaris.
Overlays of tracks were generated using the Imaris XT function “translate
tracks” and pseudocolored according to the average speed of the cell creating
the track. Average speeds were calculated using the spot detection function
and the following parameters: autoregressive motion, gapclose 1, 7.5 um object
diameter, 20 um maximum distance. Following automated analyses, tracks
were analyzed individually for erroneous connections. For analysis of infected
cell movement, 2 hr time series were collected, and average cell speed over
that time was plotted. Cells were classified as motile outliers if their speed
was >4 SDs above speeds for infected keratinocytes. T cells/lesion were calcu-
lated manually after using the spot detection function of Imaris to define T cells.
Colocalized voxels of confocal images were calculated using the Imaris Co-
loc module. Ratiometric images were produced in Fiji (“Math” function) by
dividing CCL3 fluorescence intensity by nitrotyrosine fluorescence intensity
per voxel. For calculation of CCL3/nitrotyrosine mean fluorescent intensity
(MFI), confocal images were collected from areas containing lesions or outlying
infected cells with care taken not to mix areas in images. The CCL3 MFI in the
entire image was divided by the MFI of the whole image for nitrotyrosine.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and four movies and can be
found with this article online at http://dx.doi.org/10.1016/j.chom.2013.01.004.
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