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Epicutaneous delivery of vaccinia virus (VacV) by scarification

of the skin generates robust and durable protective immunity,

which was ultimately responsible for eradicating smallpox from

the human race. Therefore, infection of the skin with VacV is

often used in experimental model systems to study the

activation of adaptive immunity, as well as the development

and functional features of immunological memory. Here, we

describe recent advances using this viral infection to identify

and characterize the mechanisms regulating the activation and

trafficking of cytotoxic CD8+ T cells into the inflamed skin, the

migratory features of CD8+ T cells within the skin

microenvironment, and finally, their subsequent differentiation

into tissue-resident memory cells.
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Introduction
Vaccinia virus (VacV) is a large, double-stranded DNA

virus belonging to the genus orthopoxvirus, which also

includes monkeypox, cowpox, and variola virus, the caus-

ative agent of smallpox. Because of their genetic similari-

ties, epicutaneous vaccination of individuals with VacV

subsequently protected them from variola infection, dem-

onstrating that this simple technique was sufficient to

generate long-lasting immunological memory and dura-

ble protective immunity. Indeed, even decades after

being vaccinated, both neutralizing antibodies and mem-

ory T cells can be identified in most individuals [1]. VacV
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is able to infect a broad range of non-hematopoetic cell

types in the skin including keratinocytes, dermal fibro-

blasts, and dermal microvascular endothelial cells [2].

Following VacV infection, cytotoxic CD8+ T cells are

activated in the draining lymph node and then traffic into

the skin to combat infection. CD8+ T cells participate in

controlling viral dissemination and the combined action

of CD8+ and CD4+ T cells prevents VacV infection from

becoming lethal [3,4]. Because of its past successes and

future potential as a vaccine vector, here we focus on the

use of VacV as an experimental model pathogen to

interrogate the mechanisms resulting in the activation,

trafficking, differentiation and the subsequent protective

immunity provided by CD8+ T cells.

Generation of recombinant VacV expressing
exogenous proteins
One feature of VacV that makes it ideal for both vaccine

development and as an experimental reagent is its ability

to be easily genetically modified to express other genes of

interest. The most common technique used to generate

recombinant VacV expressing an exogenous protein is by

inserting it into the thymidine kinase (tk) gene locus via

homologous recombination and isolating recombinant

virus using biochemical selection [5]. Gene products

up to 25 000 base pairs have been successfully inserted

into the tk gene [6], although loss of tk makes VacV

slightly attenuated compared to the parent strain [7].

As an experimental reagent, VacV can be modified to

express fluorescent proteins (e.g. green fluorescent pro-

tein; GFP) to identify infected cells by microscopy and

flow cytometry, proteins from other pathogens to test for

vaccine efficacy, or model antigens for fundamental

immunological studies. Because tk�/� VacV is still a live,

replicating virus, a more highly attenuated version of

VacV, Modified Vaccinia virus Ankara (MVA), has also

been generated by 500 serial passages through chicken

embryonic fibroblasts. MVA contains several large

genetic deletions compared to parental VacV strains

and does not replicate extensively in mammalian cells,

thereby making it an ideal vaccine candidate with limited

safety concerns.

Activation of VacV-specific CD8+ T cells in the
draining lymph node
Delivery of VacV to laboratory mice by skin scarification

or intradermal injection to the foot pad, ear skin, or base of

the tail has proven to be a powerful model system for
www.sciencedirect.com
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studying T cell activation in the lymph node (LN)

draining these sites (popliteal, cervical, and inguinal

LN, respectively). VacV peptides can be presented to

MHC-I-restricted CD8+ T cells through two different

mechanisms: direct or cross-presentation. In direct pre-

sentation, APCs become infected and proteasomal pro-

ducts are loaded onto MHC-I in the endoplasmic reticu-

lum and trafficked to the cell surface. Alternatively, cross

presentation requires uptake of extracellular antigen and

MHC loading occurs in endosomal vesicles. Infection

with virus strains that express proteins restricting which

pathways are functional have demonstrated that both

processes are capable of activating T cells responses

following VacV infection of the skin, but the relative

contributions of direct and cross-presentation appears

to be influenced by the route and delivery of the viral

infection [8,9].

To visually distinguish between direct and cross-presen-

tation, fluorescent proteins can be conjugated to nuclear-

targeted proteins from other viruses (e.g. influenza nucle-

oprotein (NP)) such that infected cells display a nuclear

fluorescence pattern and endosomal fluorescence indi-

cates uptake of extracellular proteins. Following intrader-

mal injection of VacV-NP-GFP, infected cells can be

visualized at both the site of infection and in the draining

LN [10,11]. The appearance of infected cells in the

lymph node within 2 hours suggests that virions enter

lymphatic vessels and rapidly transit to the draining LN

where they infect resident cells. Studies using a combi-

nation of CD11c-YFP reporter mice to label dendritic

cells (DCs) and fluorescent dextran injection to label

macrophages have shown that the majority of infected

cells in the LN are macrophages, but a small number of

DCs also become infected [12�]. These infected DCs and

macrophages occupy adjacent, but distinct niches in the

peripheral interfollicular region (PIR), just below the

subcapsular sinus and between B cell follicles (Figure 1).

Macrophages and DCs both express the co-stimulatory

molecules required for T cell activation and considerable

effort has been made to identify the specific cell types

that contribute to T cell activation. Following infection,

naive CD8+ T cells undergo dramatic reorganization,

where they rapidly traffic from the inner paracortex to

the PIR and make stable contacts with DCs and occa-

sionally with macrophages [11]. Administration of diph-

theria toxin to CD11c-DTR mice shows that in the

absence of DCs, naive CD8+ T cells will form stable

contacts with antigen-presenting macrophages [12�].
However, activation by macrophages is suboptimal,

resulting in diminished T cell proliferation and effector

function. Because interactions with DCs are critical for

optimal T cell activation, the mechanisms by which T

cells exhibit their preferential interaction with DCs may

be important for vaccination strategies. It has been pro-

posed that chemokines produced exclusively by DCs
www.sciencedirect.com 
underlie this preference (Figure 1). Following infection,

DCs produce CCL3, CCL4, and CCL5, and inhibiting

these cytokines with either blocking antibodies or by

genetic deficiency in their receptor, CCR5, results in a

loss of the preference for DCs and diminished CD8+ T

cell activation [12�].

Although these studies clearly demonstrate that DCs

infected with VacV in the LN can activate CD8+ T cells,

the contribution of cross-presentation is less understood.

Directly infected DCs in LNs are not detectable beyond

48 hours post-infection, but naive CD8+ T cells can still

be activated after this time period, suggesting two phases

of T cell priming — an early phase of direct-presentation

and a prolonged phase when antigen is trafficked to the

draining LN [13]. Whether the prolonged phase is due to

direct presentation by infected DCs migrating from the

skin or cross-presenting migratory DCs is not completely

understood. DNGR-1 (CLEC9A) expressing DCs have

been shown to participate in cross presentation during

VacV infection [14], and similarly, XCR1+ DCs activate T

cells during the prolonged phase, as their depletion does

not impact early priming [15��]. Interestingly, the

absence of XCR1+ DCs appears to alter the resulting

memory CD8+ T cell population, suggesting that the

location and timing of activation may be a critical factor

in determining T cell fate. Recently, it has also been

shown that depletion of the Langerin+ subset of dermal

DCs resulted in delayed T cell proliferation, suggesting

skin-resident DCs that traffic to the LN also participate in

early priming [16], but whether this is through direct or

cross presentation has not been formally demonstrated.

Trafficking of CD8+ T cells into VacV-infected
skin
Once activated, effector CD8+ T cells exit the draining

lymph node and re-enter the circulation, where they

passively transit in the blood stream until they encounter

activated vascular endothelium expressing adhesion

molecules and presenting chemokines required for leav-

ing the circulation and entering non-lymphoid tissues

(Figure 2). In general, the combined action of selectin

ligands, chemokine receptors, and integrins function to

allow previously activated CD8+ T cells to adhere to the

vascular endothelium associated with the viral infection,

followed by their extravasation into the tissue microenvi-

ronment [17]. In particular, P-selectin and E-selectin are

essential adhesion molecules required for T cells to enter

inflamed skin. Inflammatory cytokines such as TNFa and

IL-1 drive rapid, transient expression of P-selectin and E-

selectin and both of these selectins can be detected on

vascular endothelial cells following VacV infection [18].

CD8+ T cell activation in the draining lymph node results

in the formation of P-selectin and E-selectin ligands

through post-translational glycosylation of cell surface

proteins such as PSGL-1, CD44, and CD43. Enzymatic

synthesis of selectin ligands requires activity of
Current Opinion in Virology 2018, 28:12–19
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Figure 1
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Biphasic CD8+ T cell activation occurs in the draining lymph node following VacV infection. Early during infection (<�30 hours), virus drains

directly into the lymph node and infects macrophages and dendritic cells (DCs). This provokes a spatial reorganization of naı̈ve CD8+ T cells as

they migrate to the peripheral interfollicular region (PIR), coordinated in part by CCR5. Later during infection (>�48 hours), cross presentation

dominates T cell activation and cross-presenting DCs (such as the XCR1+ subset) form contacts with naı̈ve CD8+ T cells in the paracortex region

of the draining lymph node. In both cases, activated T cells subsequently exit the lymph node via the efferent lymph.
glycosyltransferases including core 2 b1,6-N-acetylgluco-

saminyltransferase-I (C2GlcNAcT-I), ST3 b-galactoside
a2-3 sialyltransferase IV (ST3Gal-IV), and a1,3 fucosyl-

transferase-VII (FutVII), which function cooperatively to

generate complex O-glycans bearing the sialyl lewis X

motif required for P-selectin and E-selectin binding [19].

Preventing enzymatic synthesis of selectin ligands does

not disrupt the activation or proliferative expansion of

antigen-specific CD8+ T cells, but they are subsequently

unable to leave the circulation and traffic into VacV-

infected skin [20].

Studies on chemokine receptors implicated in T cell

trafficking to the skin have focused primarily on CCR4
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and CCR10. CCR4 is expressed by a variety of effector/

memory CD4+ T cells and plays an important role in

controlling CD4+ T cell trafficking into skin during both

steady-state conditions and during episodes of inflamma-

tion [21,22]. CCL27, the ligand for CCR10, is produced

by TNF/IL-1 stimulated keratinocytes and inhibiting

this signaling axis limits T cell recruitment into the skin

during mouse models of contact hypersensitivity [23].

Finally, it has recently been found that many T cells

(both CD4+ and CD8+) isolated from human skin express

the chemokine receptor CCR8 [24]. Whether these same

chemokine receptors are utilized by antigen-specific

CD8+ T cells trafficking into the skin during VacV or

other viral infections is less clear. For example, a recent
www.sciencedirect.com
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Figure 2
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Trafficking and migration of CD8+ T cells into VacV-infected skin. Following their activation in the draining lymph node (see Figure 1), effector

CD8+ T cells enter the circulation and passively transit in the blood stream until they encounter activated vascular endothelium. Activated vascular

endothelium expresses adhesion molecules (e.g. E-selectin and P-selectin) and chemokines that are necessary for recruiting circulating CD8+ T

cells out of the circulation and into VacV-infected skin. Recently activated effector CD8+ T cells (or previously activated memory CD8+ T cells)

infiltrate the skin microenvironment, where chemotactic cues such as the CXCR3 ligands CXCL9 and CXCL10 direct their migration toward VacV-

infected keratinocyte foci. When CD8+ T cells in the skin encounter antigen, this causes them to subsequently differentiate into tissue-resident

memory CD8+ T cells that are maintained for extended periods of time in the skin and are potent mediators of protection against re-infection.
study by Zaid et al. found that the trafficking of activated

CD8+ T cells into the skin relied on CXCR6 and to a

lesser extent, CCR10, but not CCR8 [25]. Notably, others

have found that both IFNg and CXCR3 are also dispens-

able for effector CD8+ T cells to traffic into the skin

during a primary VacV infection [20,26�]. Thus, the

chemokine receptors used for cellular trafficking into

the skin and also those that regulate migration and/or

retention of CD8+ T cells once within the skin microen-

vironment during viral infection still remain largely

undefined.

One long-standing paradigm regarding the trafficking

potential of CD8+ T cells is that skin homing T cells
www.sciencedirect.com 
express ligands for P-selectin and E-selectin, while those

that home to the gut express a4b7 integrin. With regards

to VacV, the route of infection appears to have a profound

impact on the acquisition of adhesion molecules that

ultimately dictate cellular trafficking potentials in vivo,
a process often referred to as ‘imprinting’. Specifically,

CD8+ T cells in the draining lymph node of mice infected

with VacV by scarification produce selectin ligands shortly

after activation [27��]. In contrast, intraperitoneal infec-

tion causes CD8+ T cells in mesenteric lymph nodes to

express a4b7 integrin (but not P-selectin and E-selectin

ligands). Furthermore, dendritic cells in skin-draining

lymph nodes produce a vitamin D3 metabolite, 1,25

(OH)2D3, which stimulates expression of CCR10 on
Current Opinion in Virology 2018, 28:12–19
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activated T cells, and can synergize with Prostaglandin E2

(PGE2) to stimulate expression of CCR8 [28,29�]. Con-

versely, retinoic acid produced by dendritic cells from

mesenteric lymph nodes suppresses the synthesis of P-

selectin and E-selectin ligands [30]. In fact, it has recently

been shown that retinoic acid causes the promoter region

of Fut7 in activated CD4+ T cells to remain methylated,

thereby inhibiting expression of this critical glycosyltrans-

ferase required to synthesize sialyl Lewis X for the

generation of selectin ligands [31].

Migration of CD8+ T cells within VacV-infected
skin
After activated CD8+ T cells exit the vasculature and

enter the VacV-infected skin microenvironment, addi-

tional chemotactic cues are necessary to guide them to the

precise site of viral infection. During a primary infection,

CXCR3 is expressed on activated CD8+ T cells and its

ligands, CXCL9 and CXCL10, are elevated in VacV-

infected skin [26�]. Although CD8+ T cells deficient in

CXCR3 enter inflamed skin to the same extent as WT

cells, their ability to migrate toward and make stable

interactions with VacV-infected cells is impaired (Fig-

ure 2). Intravital microscopy has revealed that although

the majority of infected cells in the skin are keratinocytes,

some inflammatory monocytes also become infected and

remain outside of the keratinocyte foci of viral replication.

The majority of antigen-specific CD8+ T cells in the skin

do not appear to infiltrate the infected foci of keratino-

cytes, but rather actively track and kill infected mono-

cytes outside of the replication foci, guided in part by

CXCR3 [32]. How viral infection impacts CD8+ T cell

migratory behaviors through the extracellular matrix in

the skin microenvironment remains to be completely

understood and future studies will likely elucidate other

mechanisms relevant to CD8+ T cell migration within

inflamed tissues. For example, CD4+ T cell migration

through the inflamed dermis is dependent on aVb1 integ-

rin [33], but whether CD8+ T cells also require this or

other integrins for migration within VacV-infected skin

has not been determined.

Generation of tissue-resident memory CD8+ T
cells during VacV infection
Like a number of other viruses, VacV infection results in

the generation of tissue-resident memory (TRM) CD8+ T

cells in the skin that persist for extended periods of time.

A detailed kinetic analysis of gene transcription profiles

has revealed that VacV-specific CD8+ T cells that infil-

trate the skin begin to diverge from those in the circula-

tion starting approximately days 15–20 post-infection,

which is accompanied by an increase in lipid uptake

and fatty acid metabolism that is required to efficiently

maintain the TRM population in the skin [34]. In most

cases, TRM CD8+ T cells are identified by expression of

CD103 and CD69 [35]. Functionally, CD103 is the aE

integrin, which pairs with b7 to generate a receptor for E-
Current Opinion in Virology 2018, 28:12–19 
cadherin, while CD69 antagonizes sphingosine-1 phos-

phate receptor (S1PR1)-mediated migration out of the

skin and into draining lymphatic vessels. In fact, either

the lack of CD69 or the forced over-expression of S1PR1

reduces the formation of TRM in the skin [36–38]. Col-

lectively, these studies demonstrate that CD103+/CD69+

TRM CD8+ T cells are a distinct memory T cell lineage

that forms in non-lymphoid tissues following infection,

including VacV infection of the skin.

Recently, infections with VacV expressing model anti-

gens have been used to identify a critically important role

for antigen encounter in the skin for the generation of

TRM CD8+ T cells. Following activation in the draining

lymph node, effector CD8+ T cells traffic into VacV-

infected skin regardless of whether they will subse-

quently encounter cognate antigen in non-lymphoid tis-

sue. Using this strategy, we demonstrated that within the

VacV-infected skin microenvironment, a secondary anti-

gen encounter increases the formation of antigen-specific,

TRM CD8+ T cells by 50–100 fold [39��] (Figure 2).

Mechanistically, antigen stimulation within the skin

caused CD8+ T cells to significantly increase expression

of CD69 (but not CD103), thereby inhibiting S1PR1-

mediated egress from the tissue. Additionally, Muscha-

weckh et al. further found that VacV-specific CD8+T cells

of different antigen specificities compete against each

other for access to antigen-presenting cells within the

VacV-infected skin to populate the TRM repertoire [40].

Overall, these studies conclude that recognition and

competition for antigen plays an important role in shaping

the composition of the TRM CD8+ T cell compartment in

the skin following VacV infection.

Tissue-resident and circulating memory CD8+

T cells provide protective immunity
After an acute infection or successful vaccination, CD8+

T cells that survive the contraction phase continue to

persist as long-lived memory cells [41]. Memory CD8+ T

cells can either be in the circulation or reside in tissues,

and both of these cell types are generated following the

resolution of VacV skin infection [42]. Presumably

because of their residency in the skin, TRM CD8+ T cells

have been shown to provide more protection against VacV

infection compared to memory CD8+ T cells in the

circulation [20]. In fact, following antigen recognition,

TRM CD8+ T cells in the skin (and other non-lymphoid

tissues) begin producing IFNg [43,44��]. Rapid produc-

tion of IFNg initiates a local inflammatory response and

limits viral replication at the very early stages of infection

by stimulating the expression of a variety of anti-viral

proteins in neighboring cells. This causes a general ‘anti-

viral’ state in the local skin microenvironment, essentially

blocking viral spread before it can occur.

Along with the TRM CD8+ T cells that form primarily at

the site of prior viral infection, highly functional
www.sciencedirect.com



Trafficking of CD8+ T cells during viral infection Hobbs, Osborn and Nolz 17
circulating memory CD8+ T cells are also generated

following VacV infection of the skin. These circulating

memory CD8+ T cells provide substantial protective

immunity against both VacV and other more virulent

poxvirus infections and their formation is not dependent

on ‘help’ from CD4+ T cells [45,46]. In contrast to naı̈ve

CD8+T cells, antigen-experienced memory CD8+T cells

in the circulation possess the capacity to directly infiltrate

non-lymphoid tissues in response to local inflammation,

without having to be re-activated in the draining lymph

node [47]. Indeed, memory CD8+ T cells rapidly traffic

into the skin following acute VacV infection, demonstrat-

ing that VacV is sufficient to activate vascular endothe-

lium for leukocyte recruitment [48]. Like effector CD8+

T cells, memory CD8+ T cells require synthesis of core

2 O-glycans that function as P-selectin and E-selectin

ligands to infiltrate the skin following VacV infection.

Additionally, we have recently demonstrated that central

memory CD8+ T cells exhibit the highest core 2 O-glycan

synthesis activity (compared to circulating effector mem-

ory CD8+ T cells), allowing this memory T cell subset to

rapidly infiltrate VacV-infected skin [49��]. Thus, vacci-

nation of the skin with VacV is highly efficient at gener-

ating two classes of protective memory CD8+ T cells —

resident cells that form at the vaccination site and highly

functional circulating cells that can traffic into inflamed

non-lymphoid tissues to combat infection.

Conclusions and future considerations
As described, VacV infection of the skin has been used

successfully to identify and characterize a variety of

mechanisms that regulate the activation and trafficking

of CD8+ T cells. Because of the localized nature of the

infection, this model allows for an accurate identification

of the molecular and biological mechanisms used by both

effector and memory CD8+ T cells to traffic specifically

into inflamed tissue, migrate within the tissue microen-

vironment, and subsequently differentiate into tissue-

resident cells. Nevertheless, many fundamental ques-

tions concerning CD8+ T cell biology remain. Although

the expression of P-selectin and E-selectin ligands is

clearly critical for recruiting CD8+ T cells in to the skin,

the role for individual or even a group of chemokine

receptors that participate in either recruitment or inter-

stitial migration of CD8+ T cells is far less defined.

Furthermore, it is also unknown if specialized integrins

regulate the recruitment of CD8+ T cells into the skin or

are required for migration. Because there is considerable

evidence suggesting that DCs associated with the skin

draining lymph node ‘imprint’ antigen-specific CD8+ T

cells to generate a skin homing phenotype, it will be of

interest to determine if there is a specific DC subset that

facilitates that process and whether this occurs through

direct or cross presentation of VacV antigens. Altogether,

understanding which cues are necessary and/or sufficient

to generate skin-trafficking or skin-resident CD8+ T cells

are important considerations for successful vaccine
www.sciencedirect.com 
development. For example, a recent study showed that

central memory CD8+ T cells differentiate into TRM

following VacV skin infection and that the combined

efforts of both circulating and TRM CD8+ T cells can

provide protection in a model of tumor immunotherapy

[50]. Thus, prime-boost vaccination schemes [51] of

generating circulating central memory CD8+ T cells

followed by localized challenge with VacV in non-lym-

phoid tissue could be a feasible strategy to generate local

immunity against certain infections or perhaps even

tumors.
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