
CTL immune responses to viruses



CTL Immune responses to viruses



2PM movie of Ag pulsed B cells being killed by CTL

3

B cell (target cell): purple, CTL: green, death B cell: white
From: Mempel et al. Immunity 2006



LCMV: massive acute infection in mice

Classical model in immunology [Rafi Ahmed, Emory]

CD8

antigen concentration to achieve a similar degree of stimula-
tion as the NP118 response. We also consider a worst-case
scenario by assuming that the activation function is the same
for the different biological processes in the model, i.e., activa-
tion, proliferation, and apoptosis are all governed by the same
K parameter. Our model with a single K parameter is a special
case of a model allowing for different values of the K param-
eter. Because we can fit the data with a single K, it is clear that
we could also fit the data to a model having several K param-
eters; however, we would have little confidence in the various
K values.

Figure 4 depicts the actual activation, proliferation, and ap-
optosis rates over time. Note that in the continuous model,
proliferation, for example, occurs at rate !F(V) per cell. Con-
sistent with the results of the on-off model, we find small
differences in the actual values of several rates. The largest
difference seems to be that the actual proliferation rate de-
clines more slowly in response to the dominant epitope. This
extends the proliferation period and allows a larger clonal
expansion.

As shown in Fig. 4, the time courses for the activation rates
are very similar for both epitopes. Thus, there is little differ-
ence in the recruitment rate of naive CD8" T cells specific for
the two epitopes. Since our activation function depends only

on the viral load and not on the time of the response, the
model suffers from the artifact that the apoptosis rate is high
early in the response when the viral load is still low (Fig. 4).
This is probably not realistic but hardly affects the behavior of
the model because there are very few activated cells present at
this early state of the response (Fig. 3). Summarizing, the data
are most parsimoniously explained by a 3.5-fold difference in
the parameters K, i.e., by a difference in the antigen concen-
tration required for half-maximal stimulation.

DISCUSSION

We have developed two simple models for the CD8" T-cell
response to LCMV in mice. In one of the models, we assumed
that T-cell activation is an all-or-none process, while in a more
complex model we allowed a continuous change in activation
level. Using these models, we have shown that the immune
responses to the dominant NP118 epitope and the subdomi-
nant GP283 epitope in the LCMV CD8" T-cell immune re-
sponse may involve differences in the proliferation period and
the actual proliferation rates. The most parsimonious explana-
tion for these differences is a difference in the antigenic stim-
ulation of the two responses. In our model the subdominant
response requires a 3.5-fold-higher antigen load than the dom-

FIG. 3. Dynamics of the NP118- and GP283-specific cell populations in the continuous model. (A) Broken line gives the viral load in PFU per
spleen (14), the heavy line gives the total population size of the NP118 response, and the light line gives that of the GP283 response. (B)
Subpopulations within each clone. Solid lines depict activated cells, long-dashed lines show memory cells, and short-dashed lines show naive cells
(14).

TABLE 4. Parameter estimates for the NP118 and GP283 epitopes obtained by simultaneously fitting the data
for both epitopes in the continuous modela

Parameter Symbol Units
Both epitopes NP118 GP283

Value 95% Value 95% Value 95%

Apoptosis rate # Day$1 0.41 0.31–0.58
Proliferation rate ! Day$1 2.92 2.74–3.10
Memory cell formation r Day$1 0.015 0.009–0.024
Saturation constant K PFU 3.8 % 104 1.9–6.1 1.3 % 105 0.87–1.9

a The parameters a & 1 day$1, 'M & 10$5 day$1 and N(0) & 60 cells were fixed. The summed squared residuals is SSR & 11.4, which is only somewhat poorer than
that of the piecewise linear model.
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LCMV: several epitopes trigger CD8 T cells

Immunodominance (within host): > 15 CD8 responses.

Six CD8 epitopes: immunodominance of responses

0 14 28 42

Days after LCMV

10
3

10
4

10
5

10
6

10
7

10
8

S
p

e
c
if
ic

 C
D

8
 T

 c
e

lls
 p

e
r 

s
p

le
e

n

GP33

0 14 28 42
Days after LCMV

103

104

105

106

107

108

S
pe

ci
fic

 C
D

8 
T 

ce
lls

 p
er

 s
pl

ee
n

NP396

0 14 28 42
Days after LCMV

103

104

105

106

107

108

S
pe

ci
fic

 C
D

8 
T 

ce
lls

 p
er

 s
pl

ee
n

GP118

0 14 28 42
Days after LCMV

103

104

105

106

107

108

S
pe

ci
fic

 C
D

8 
T 

ce
lls

 p
er

 s
pl

ee
n

GP276

0 14 28 42
Days after LCMV

103

104

105

106

107

108

S
pe

ci
fic

 C
D

8 
T 

ce
lls

 p
er

 s
pl

ee
n

NP205

0 14 28 42
Days after LCMV

103

104

105

106

107

108

S
pe

ci
fic

 C
D

8 
T 

ce
lls

 p
er

 s
pl

ee
n

GP92

Immunodominance “explained” by small di�erences in re-
cruitment (and division rates for the last two).
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LCMV: programmed CD4 & CD8 responses

Remove Ag after one day: normal expansion
Add Ag at/after peak: normal contraction

LCMV: CD8 acute dynamics
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CD4+ T cells obey a very similar program
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Biphasic contraction phase, memory phase not stable
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kinetic differences between CD4 and CD8 acute responses

Start of contraction phase very similar
due to slower division rate less expansion for CD4s

CD8 kinetics much faster than that of CD4s
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Thanks to program: simple mathematical model

Piecewise model: different before and after peak

Thanks to program: Simple mathematical model

t < T t > T

ρ

r

α

expansion of activated cells contraction 

memory cell Md

14
off offTon

dA



Thanks to program: simple mathematical model

Computer Lab Exercise
Finding parameters for an HIV infection
Handout for the Immunobiology lecture, at Utrecht University.

Rob J. de Boer

Objectives of this exercise:
1. Learn to think in a quantitative manner about the immune system
2. Learn to parametrize simple mathematical models using quantitative information about steady states
3. Learn to fit mathematical models to experimental data to obtain quantitative parameter estimates.
4. Identify the mechanisms underlying the immunodominance ranking of primary immune reactions.

Background

If you choose to do a project about this you could start to see how in Fig. 2 of De Boer and Perelson (2013) the
data from Kotturi et al. (2008) on the precursor frequencies are included in an extended LCMV model, and how
the same data on the GP33 and the NP396 response to LCMV are explained by this model. Other questions
to address are: How would the model change when memory cells are already formed during the expansion
phase (see Kohler (2007))? Can this explain the data equally well?

Exercise 1 The LCMV primary immune response

Vigorous infections with rapidly replicating pathogenic bacteria or viruses trigger strong adaptive immune
responses. A few days after the initial exposure, antigen specific naive T cells will become activated to undergo
rapid clonal expansion, until the peak of the response, after which most of the activated cells die by apoptosis.
The clonal expansion in mice infected with bacteria typically continues if the antigenic stimulus is removed by
treating the mice with antibiotics, but the peak response is somewhat lower (Badovinac et al., 2002). Similarly,
the contraction after the peak will take place even if the antigen persists (Badovinac et al., 2002). It has therefore
been suggested that after proper antigenic stimulation the acute immune response of T cells is “programmed",
and hardly regulated by the current concentration of antigen. Such a program can conveniently be modeled
with piece-wise models (De Boer et al., 2001, 2003; De Boer and Perelson, 2013), that can be fitted to the
experimental data from acute immune responses to viruses and bacteria. Consider antigen specific activated T
cells, A, and memory cells, M, e.g.,

8>>><>>>:

dA/dt = 0 and dM/dt = 0 , if t  Ton ,
dA/dt = pA and dM/dt = 0 , if Ton < t  To↵ ,
dA/dt = �(d

A

+ r)A and dM/dt = rA � d

M

M, otherwise ,
(1)

where A(0) is the initial number of cells specific for the epitope of interest (and M(0) = 0). An example for
coding these equations in R is available as the script lcmv.R.

On the webpage tbb.bio.uu.nl/rdb/practicals/lcmv you will also find the data of Homann et al. (2001) for one
particular epitope (gp33) in the file gp33.txt. Open that file to see what is in there (you will plot the data later
using the R-script lcmv.R). Read the R-script, and check how the model of Eq. (1) is defined as a solution. Check
how to read the data, plot them, and fit them. Note the model returns the sum of A and M to be fitted to the
data.

a. Fit the model to the data using ModFit function of the FME package.
b. What are the parameter values and how good do you find this fit?
c. How robust are these parameter estimates? How do the fits change if you fix the values of one parameter?

1
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Fit model to data to see how parameters 
explain immunodominance (minimize SSQ)Six CD8 epitopes: immunodominance of responses
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Immunodominance “explained” by small di�erences in re-
cruitment (and division rates for the last two).
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Parameter estimates

Today you will estimates these parameters by yourself

Parameter values

Name Units Value 95% C.I.
⇥GP33 d�1 1.89 1.73 — 2.08
⇥NP396 d�1 1.92 1.75 — 2.14
⇥GP118 d�1 1.86 1.60 — 2.21
⇥GP276 d�1 1.87 1.70 — 2.05
⇥NP205 d�1 1.52 1.37 — 1.69
⇥GP92 d�1 1.13 0.98 — 1.33
A(0)GP33 cells 12.1 3.3 — 32.5
A(0)NP396 cells 6.9 1.3 — 20.7
A(0)GP118 cells 6.1 0.4 — 40.3
A(0)GP276 cells 5.0 1.3 — 13.9
A(0)NP205 cells 29.3 8.6 — 81.9
A(0)GP92 cells 165.3 34.4 — 518.8
�A d�1 0.40 0.34 — 0.47
r d�1 0.018 0.015 — 0.022
T days 7.9 7.8 — 8.1

The proliferation rate of the last two lower than that of the top four.

Immunodominance in the top four due to recruitment.
10



Kotturi et al. J Immunology 2008

that the context of LCMV infection does not significantly
contribute to the dominance of these epitopes. However, the
response to NP396 – 404/Db was considerably reduced in com-
parison to GP33– 41/Db and some of the intermediate (NP238 –
248/Kb), and minor (L689 – 697/Db and L455– 463/Db)
dominant epitopes were recognized to a similar degree as
NP396 – 404/Db and GP34 – 41/Kb. A similar pattern of re-
sponses is also found if the individual epitope-specific re-
sponses are represented as a fraction of the total response (data
not shown).

Naive CD8! T cell precursor frequency correlates to
immunodominance hierarchy

The data presented above clearly illustrate that factors other than
MHC binding affinity must also play key roles in shaping the im-

munodominance hierarchy. Since the CD8! T cell response was to
a large extent focused on the major dominant epitopes after peptide
pool immunization, lacking the context of a viral infection, we
questioned whether the immunodominance hierarchy might be al-
ready imprinted in the naive T cell repertoire. To address this point
we studied seven peptides in more detail. All seven peptides bound
with similarly high affinity, but they were associated with either
major, intermediate, or minor immunodominant status (see Table
II and Fig. 5). We examined whether the CD8! T cell response to
these epitopes following acute LCMV infection was proportional
to the naive T cell precursor frequency using a tetramer-based
enrichment method to enumerate naive epitope-specific T cell pop-
ulations from individual mice (33). We analyzed the naive T cell
populations specific for two major, three intermediate, and two
minor dominant LCMV epitopes.

As shown in Fig. 7, individual naive H-2b mice on average con-
tained 449 GP33–41/Db-specific, 117 NP396–404/Db-specific, 90
L2062–2069/Kb-specific, 57 NP205–212/Kb-specific, 43 GP118–
125/Kb-specific, 24 L156–163/Kb-specific, and 15 L338–346/Db-
specific CD8! T cells. We confirmed that the tetramer-enriched
CD8! T cells were naive based on their CD44lowCD62high phenotype
(data not shown). We found that the size of each naive T cell popu-
lation was significantly greater (Mann-Whitney U test, p " 0.01)
than the number of irrelevant RAG-deficient OT-1 TCR trans-
genic T cells stained with the same tetramers (Fig. 7, open
symbols). We also attempted to detect naive precursors specific
for two additional minor epitopes with high binding affinities,
L689 – 697 and GP221–228. The tetramer staining for these two
populations, however, was poor.

Overall, each naive epitope-specific CD8! T cell population
analyzed was roughly proportional to the corresponding expanded
populations found in mice acutely infected with LCMV (see Fig.
2A for comparison). Thus the two major determinants had the
highest precursor frequencies, followed by the precursor frequen-
cies to the three intermediate epitopes, with the lowest precursor
frequencies being found for the two minor epitopes. The 4-fold
greater frequency of the GP33–41/Db-specific precursors com-
pared with the NP396–404/Db-specific precursors correlated best
to the responses observed following peptide and rVACV immu-
nization, whereas following LCMV infection the response to
NP396–404/Db was consistently equal to or better than that to
GP33–41/Db.
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Rag$/$ mice, precursor values were set at a detection threshold of 10 cells.
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and variant epitopes. A, Total number (%SD, n # 6) of
CD8!IFN-!! T cells responding to the GP33–41/Db

wild-type and variant epitopes following individual pep-
tide immunization of H-2b mice. Each mouse is ana-
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GP33–41/Db wild-type and GP33–41/Db variant-spe-
cific CD8! T cells in spleen and lymph nodes from na-
ive H-2b mice (filled symbols; n # 15–19) and from
OT-1 Rag$/$ TCR transgenic mice (open symbols; n #
3–5) following tetramer-based enrichment. Each symbol
represents an individual mouse, whereas horizontal bars
represent average precursor values. When no tetramer-
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mice, precursor values were set at a detection threshold
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GP33: 15244 and NP396: 9530 (dextramers, BM, careful expts) 



Is T cell memory protective and, if so, how? 

Most current vaccines provide protection via Abs 
(even if natural immunity is largely due to T cells).

Will we ever be able to develop vaccines 
triggering sufficient cellular immunity  
to provide protection to infection? 

Malaria, AIDS, Hepatitis C

Numbers matter
14



Failure of vaccination to HIV/AIDS

HIV trial vaccines successfully boost CD8+ T cell responses 
CD8 response probably very important  

(depletion expts, HLA, immune escape, reversions)
 

Merck trial failed and stopped (gag, pol, nef)
Acute phase of infection largely unaffected by vaccination

T cells do respond: failure not due to immune escape

Why are vaccines triggering cellular responses failing?
Which proteins would be protective?

Back to the drawing boards.



Long term protection by specific CTL to malaria

One mosquito bite: few hundred sporozoites in skin
In mice only one in 106 (human 1:109) hepatocytes is infected and 

after two (6) days they start to produce blood stage parasites
Threshold of 1% in PBL (20% in total, 106 in spleen, 2x105 in liver)

fraction of CS252-specific memory cells that could produce IL-2
after in vitro stimulation (Fig. 5A and Fig. S2). Thus, differences
in the resistance of individual immunized mice probably would
be based on the number of memory CD8 T cells. The average
frequency of memory CD8 T cells in the PBL of each group
increased with increasing doses of LM-CS252 boosting, as did the
frequency of protected mice in each group (Fig. 5B). Because
there was individual-to-individual variation within each group,
and the phenotypes of the memory CD8 T cells were similar,
we evaluated all immunized mice based on the frequency of
CS252-specific CD8 T cells and protection. Strikingly, 20 of 22
DC-CS ! LM-CS mice that had ! 1% CS252-specific PBL were
protected from sporozoite challenge at day 98 after immuniza-
tion, whereas only 1 of 16 similarly immunized mice with "1%
CS252-specific PBL were protected (Fig. 5B). When we include
all DC-CS ! LM-CS mice in which memory CD8 T cells have
been evaluated in the blood at day 98 or later, our data
demonstrate a 97% chance of protection from sporozoite chal-
lenge in mice containing ! 1% CS252-specific PBL and a 6%
chance of protection in mice with "1% CS252-specific PBL (Fig.
5C). Thus, long-term sterilizing immunity to P. berghei infection
in this model requires maintenance of CS252-specific memory
CD8 T cells that exceed a large (! 1%) but definable frequency
of PBL (Fig. 5C).

Immunity to P. berghei Requires More CD8 T Cells than Other Patho-
gens. Although it is clear that the magnitude of CD8 T cell
memory can influence resistance to infection (25, 26), there are
few data comparing the actual numbers of antigen-specific T
cells required for protection against diverse pathogens. To
address this issue, we determined that adoptive transfer of 10,000
memory CD8 T cells reduced infection by the liver pathogen
Listeria monocytogenes by #100-fold (Fig. S3). Similarly, adop-
tive transfer of #85,000 memory CD8 T cells dramatically
decreased virus titers after lymphocytic choriomeningitis virus

A

Naive LM-CS
LM-CS(d44)
+LM-CS

Protected1/8 0/5 10/10

n.d.

B

Fig. 4. LM-CS252-primed and LM-CS252-boosted BALB/c mice are protected
against a P. berghei sporozoite challenge. (A) In an initial experiment to
evaluate conventional prime-boost responses, BALB/c mice were primed with
7 $ 106 LM-CS252 and boosted with 2 $ 107 LM-CS252 53 days later (LM-
CS(d53)!LM-CS). On the day of the LM-CS boost, naive BALB/c mice were
primed with 7 $ 106 LM-CS252 (LM-CS). (A) Total number (mean % SD, n & 3 per
group) of CS252-specific CD8 T cells in the spleen and liver and percentage of
PBL at day 61 after boost or first immunization was determined by ICS. (B) In
a second experiment BALB/c mice were primed with 7 $ 106 LM-CS252 and
boosted with 2 $ 107 LM-CS252 44 days later (LM-CS(d44)! LM-CS). On the day
of the LM-CS252 boost, naive BALB/c mice were primed with 7 $ 106 LM-CS252

(LM-CS). Percentage of total PBL that were CS252-specific CD8 T cells at day 75
after the last immunization was determined by ICS in individual mice. Filled
circles indicate naı̈ve or immune mice that developed blood-stage malaria
after a challenge with 800 P. berghei sporozoites on day 83 after boost.
Numbers represent protected mice per total challenged for each group. n.d.,
not determined
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Fig. 5. Numerical requirements for sterile immunity mediated by CS252-
specific CD8 T cells. BALB/c mice were primed with 2.5 $ 105 splenic DC-CS and
boosted with titrating doses of LM-CS252 (2 $ 104, 2 $ 105, 2 $ 106, or 2 $ 107).
(A) Phenotype of PBL CS252-specific CD8 T cells as determined by ICS at day 98.
Data (mean % SD) are from 10 mice per group except for 2 $ 107, in which n &
7. (B) Before sporozoite challenge the percentage of total PBL CS252-specific
CD8 T cells was determined in individual mice by ICS. Naı̈ve and immune mice
were challenged with 1000 P. berghei sporozoites. Filled circles indicate mice
that developed blood-stage malaria. n.d. & not determined. (C) Cumulative
results from DC-CS ! LM-CS immunized mice in which the frequency of PBL
CS252-specific CD8 T cells was determined before challenge with sporozoites.

14020 ! www.pnas.org"cgi"doi"10.1073"pnas.0805452105 Schmidt et al.

Schmidt et al PNAS 2008, PLoS Path 2010

mouse develops malaria



CD8 immune response to HIV/SIV

Acute SHIV-89.6P response in naive (left) or vaccinated (right) 
Rhesus monkeys (Data: Barouch.s00, Figure: Davenport.jv04).

Data: SIV vaccination fails to a�ect acute dynamics

Virus rates:
replication: 1.7 d�1

contraction: 0.7 d�1

CD8+ T cells:
expansion: 0.9 d�1

Acute SHIV-89.6P response in naive (left) or vaccinated (right) Rhesus

monkeys (Data: Barouch.s00, Figure: Davenport.jv04).
5

naive vaccinated



A simple mathematical modelHow to explain failure of vaccination?

Simple model with pathogen growing faster than immune
response

dP

dt
= rP �

kPE

h + P
and

dE

dt
= �E ,

where r > �, can typically not control the pathogen:

0 7 14 21 28100

103

106
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Time in days

P: pathogen, E: response

Pilyugin.bmb00: general re-
sult for saturated responses
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Mathematical explanationMathematical explanation

At high pathogen densities the model

dP

dt
= rP �

kPE

h + P
and

dE

dt
= �E ,

approaches

dP

dt
= rP � kE and

dE

dt
= �E .

When P grows faster than E:

dP

dt
> 0

See: Pilyugin.bmb00

Per pathogen, i.e., per infected cell, the killing term ap-
proaches the E�ector:Target ratio: �kE/P .
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Control only if pathogen is first limited by 
something else

Control when pathogen growth limited at high density

dP

dt
=

rP

1 + �P
�

kPE

h + P
and

dE

dt
= ⇥E ,

0 7 14 21 28100

103

106

109

Time in days

P: pathogen, E: response

P: pathogen in absence of
response

SIV parameters: r = 1.5
d�1, ⇥ = 1 d�1, k = 5 d�1.
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Interpretation
CTL control only when the E:T ratio is large.

When pathogen replicates faster than CD8 T cells 
this is difficult to achieve

Innate immunity or target cell limitation required to slow down pathogen

Antibodies are produced in vast amounts and can catch up

CTL can only control infections that are already controlled

(Note that this hinges upon saturation)



It’s a numbers game
Individual CTL kill only a handful of target cells per day

In LCMV infected mice >107 CTL per spleen

HIV-infected patients can have10% specific CTL in blood,  
healthy CMV+ carriers 10% cognate CD4 & CD8 T cells:  

0.1x1011=1010 cognate CD8+ T cells

Apparently huge CTL populations required to control

This amount of clonal expansion takes time 
Expanding 103 cells into 1011 takes 18 days

(Every 10-fold expansion takes ln[10]=2.3 days if cells divide once d-1)



Persistent infection indeed works much better

Hansen,..., Picker, Nat Med 200923

of 12 long-term RhCMV-SIV vector–vaccinated rhesus macaques
(which we used 4486 d from their last RhCMV-SIV vaccination)
and 16 unvaccinated wild-type RhCMV+ control rhesus macaques for
repeated limiting-dose intrarectal challenge with the highly pathogenic

SIVmac239 (Fig. 4a). At the time of challenge, the CMV-SIV vector–
vaccinated rhesus macaques had approximately equivalent CD4+ and
CD8+ responses to Gag, Rev-Tat-Nef and Env, totaling, on average,
1.5% and 2.0% of blood memory T cells for CD4+ and CD8+
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Figure 4 Rhesus macaques inoculated with RhCMV vectors expressing SIV Gag, a Rev-Tat-Nef fusion protein and Env are protected from progressive
SIVmac239 infection after repeated limiting-dose intrarectal challenge. (a) Vaccination and challenge protocol for efficacy assessment of RhCMV vectors.
RhCMV-Gag, RhCMV-Retanef and RhCMV-Env vectors were given individually at 133-d intervals in the following orders for four rhesus macaques each: Gag,
Retanef and Env; Retanef, Env and Gag; or Env, Gag and Retanef. Half of each group was subsequently provided with a combined boost of all three vectors.
The long-term anti-SIV T cell responses did not differ between these subgroups, and all 12 of these rhesus macaques were therefore combined into one
vaccinated group for challenge (in comparison to 16 unvaccinated, but RhCMV-positive, control rhesus macaques). RM, rhesus macaque. (b) Mean
prechallenge frequencies (± s.e.m.) of RhCMV-vectored, SIV Gag-specific, Rev-Tat-Nef–specific and Env-specific responses among blood CD4+ and CD8+

memory T cells of the 12 vaccinated rhesus macaques. (c) Plasma viral loads of the control (left) and vaccinated (right) rhesus macaque cohorts over the
course of, and subsequent to, limiting-dose intrarectal SIVmac239 challenge. Four of twelve vaccinated rhesus macaques resisted progressive infection;
these protected rhesus macaques were treated with the humanized CD8-specifc monoclonal antibody cM-T807 at days 133, 136, 140 and 143 after initial
challenge (10, 5, 5 and 5 mg per kg body weight doses, respectively) and were profoundly depleted of CD8+ T cells from blood (o2.5% of baseline absolute
counts) for 14–21 d. (d) FCICA of peripheral blood CD8+ T cells from the four protected vaccinees, examining the response of these cells to SIV proteins that
were (Rev-Tat-Nef) or were not (Pol and Vif) expressed by the administered RhCMV vectors before (right) and 133 d after (left) initiation of the SIVmac239
intrarectal challenge protocol. Percentages indicate the net fraction (minus background) of the responding CD8+ T cells in the indicated quadrants.
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SIV proteins in RhCMV causing persistent infection: 2% of the response
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Prime and Pull: localized T cell memory
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Most infections are initiated at vulnerable body surfaces, such as  
the mucosae. CD8+ T cells, which are endowed with potent effector 
functions, are typically required for the elimination of viral infec-
tions. These effector functions (cytotoxic elimination of infected host  
cells and the secretion of cytokines that interfere with viral repli-
cation or promote inflammation) operate locally and require direct 
interaction with cells bearing viral antigen1–3. Thus, CD8+ T cells 
must be present in sufficient quantity at sites of infection to examine 
each host cell for the presence of viral antigens. The critical challenge 
is that before a primary infection, pathogen-specific CD8+ T cells 
are exceedingly rare and patrol only the secondary lymphoid organs 
(SLOs)2,4. Thus, in naive hosts, the nonspecific innate immune sys-
tem, which is constitutively distributed throughout the host, must 
hold pathogen replication in check until more-potent CD8+ T cells 
can proliferate and migrate to infected tissues5. This temporal lag in 
CD8+ T cell responses provides a critical window of opportunity for 
pathogen replication.

In the event that the pathogen is cleared, hosts retain expanded 
populations of pathogen-specific memory CD8+ T cells that patrol 
SLOs6,7 and discrete populations that patrol nonlymphoid tis-
sues2,8–15. The memory T cells that patrol SLOs (central memory 
T cells) routinely recirculate among the blood, lymph and various 
SLOs1,2. Nonlymphoid memory T cells (effector memory T cells) 
constitutively recirculate among blood, lymph and nonlymphoid 
tissues1,2. That model has now been amended. Memory T cells 
do not undergo demonstrable recirculation through many nonl-
ymphoid anatomical compartments, including the epithelium of 
the small intestine, skin epidermis, lungs, salivary gland and cen-
tral nervous system9–14,16,17. Instead, T cells are able to migrate  
into many nonlymphoid compartments for only a brief time after 
antigen stimulation and then differentiate into organ-specific resident 

non-recirculating memory T cells in situ11,12,18. These sessile front-
line populations have been called ‘resident memory T cells’.

Present models suggest that memory T cells positioned in non-
lymphoid tissues or SLOs make anatomically and temporally discrete 
contributions to secondary responses, becoming functionally active 
only when their respective tissues encounter cognate antigen. CD8+ 
T cells that populate SLOs recognize antigen draining from the site 
of infection before proliferating, differentiating into effector cells that 
respond to inflammatory chemokines and migrating to the front-line 
infected tissue. The contribution of this reserve force of the response, 
although potent, is delayed by several days. In contrast, resident mem-
ory CD8+ T cells that are positioned at sites of infection at the time of 
a pathogen-reexposure event are anatomically poised for immediate 
recognition and response14,15,17,19,20. Their role in protective immu-
nity has been likened to that of an occupying force that operates at 
front-line sites of infection independently of recirculating memory  
T cells21. It has been demonstrated that mice that have recirculat-
ing, but not resident, memory CD8+ T cell populations (rather than 
having both populations) show substantially delayed control of viral 
rechallenges at front-line tissues9,13,22.

Here we define an additional function for resident memory CD8+ 
T cells, as sentinels of pathogen-derived antigens. Local recognition 
by the adaptive immune system was far more potent and sensitive 
than that of the innate immune system in inducing local chemokine 
expression. Notably, when resident memory T cells in the female 
mouse reproductive tract recognized cognate antigen in situ, they 
precipitated rapid and abundant recruitment of unstimulated memory 
T cells to this tissue, which is not under routine immunosurveillance 
by recirculating memory T cells. Thus, resident memory T cells are 
more than just an occupying force, as they orchestrate migration and 
thus serve to recruit reinforcements to fight infections.
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D.M. (masopust@umn.edu).
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Sensing and alarm function of resident memory 
CD8+ T cells
Jason M Schenkel, Kathryn A Fraser, Vaiva Vezys & David Masopust
CD8+ T cells eliminate intracellular infections through two contact-dependent effector functions: cytolysis and secretion of 
antiviral cytokines. Here we identify the following additional function for memory CD8+ T cells that persist at front-line sites of 
microbial exposure: to serve as local sensors of previously encountered antigens that precipitate innate-like alarm signals and 
draw circulating memory CD8+ T cells into the tissue. When memory CD8+ T cells residing in the female mouse reproductive 
tract encountered cognate antigen, they expressed interferon-g (IFN-g), potentiated robust local expression of inflammatory 
chemokines and induced rapid recruitment of circulating memory CD8+ T cells. Anamnestic responses in front-line tissues are 
thus an integrated collaboration between front-line and circulating populations of memory CD8+ T cells, and vaccines should 
establish both populations to maximize rapid responses.
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Most infections are initiated at vulnerable body surfaces, such as  
the mucosae. CD8+ T cells, which are endowed with potent effector 
functions, are typically required for the elimination of viral infec-
tions. These effector functions (cytotoxic elimination of infected host  
cells and the secretion of cytokines that interfere with viral repli-
cation or promote inflammation) operate locally and require direct 
interaction with cells bearing viral antigen1–3. Thus, CD8+ T cells 
must be present in sufficient quantity at sites of infection to examine 
each host cell for the presence of viral antigens. The critical challenge 
is that before a primary infection, pathogen-specific CD8+ T cells 
are exceedingly rare and patrol only the secondary lymphoid organs 
(SLOs)2,4. Thus, in naive hosts, the nonspecific innate immune sys-
tem, which is constitutively distributed throughout the host, must 
hold pathogen replication in check until more-potent CD8+ T cells 
can proliferate and migrate to infected tissues5. This temporal lag in 
CD8+ T cell responses provides a critical window of opportunity for 
pathogen replication.

In the event that the pathogen is cleared, hosts retain expanded 
populations of pathogen-specific memory CD8+ T cells that patrol 
SLOs6,7 and discrete populations that patrol nonlymphoid tis-
sues2,8–15. The memory T cells that patrol SLOs (central memory 
T cells) routinely recirculate among the blood, lymph and various 
SLOs1,2. Nonlymphoid memory T cells (effector memory T cells) 
constitutively recirculate among blood, lymph and nonlymphoid 
tissues1,2. That model has now been amended. Memory T cells 
do not undergo demonstrable recirculation through many nonl-
ymphoid anatomical compartments, including the epithelium of 
the small intestine, skin epidermis, lungs, salivary gland and cen-
tral nervous system9–14,16,17. Instead, T cells are able to migrate  
into many nonlymphoid compartments for only a brief time after 
antigen stimulation and then differentiate into organ-specific resident 

non-recirculating memory T cells in situ11,12,18. These sessile front-
line populations have been called ‘resident memory T cells’.

Present models suggest that memory T cells positioned in non-
lymphoid tissues or SLOs make anatomically and temporally discrete 
contributions to secondary responses, becoming functionally active 
only when their respective tissues encounter cognate antigen. CD8+ 
T cells that populate SLOs recognize antigen draining from the site 
of infection before proliferating, differentiating into effector cells that 
respond to inflammatory chemokines and migrating to the front-line 
infected tissue. The contribution of this reserve force of the response, 
although potent, is delayed by several days. In contrast, resident mem-
ory CD8+ T cells that are positioned at sites of infection at the time of 
a pathogen-reexposure event are anatomically poised for immediate 
recognition and response14,15,17,19,20. Their role in protective immu-
nity has been likened to that of an occupying force that operates at 
front-line sites of infection independently of recirculating memory  
T cells21. It has been demonstrated that mice that have recirculat-
ing, but not resident, memory CD8+ T cell populations (rather than 
having both populations) show substantially delayed control of viral 
rechallenges at front-line tissues9,13,22.

Here we define an additional function for resident memory CD8+ 
T cells, as sentinels of pathogen-derived antigens. Local recognition 
by the adaptive immune system was far more potent and sensitive 
than that of the innate immune system in inducing local chemokine 
expression. Notably, when resident memory T cells in the female 
mouse reproductive tract recognized cognate antigen in situ, they 
precipitated rapid and abundant recruitment of unstimulated memory 
T cells to this tissue, which is not under routine immunosurveillance 
by recirculating memory T cells. Thus, resident memory T cells are 
more than just an occupying force, as they orchestrate migration and 
thus serve to recruit reinforcements to fight infections.
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The fundamental problem that T cells must solve is mak-
ing contact with rare antigen-bearing cells. This is no easy 
task, given that a single T cell occupies only one one-
hundred-trillionth of the volume of an adult human. This 
feat is achieved in a timely manner by targeted migra-
tion (homing), a process that is coordinately regulated 
with T cell differentiation state. Naive T cells recirculate 
through the paracortical regions of secondary lymphoid 
organs (SLOs), a strategy that maximizes their opportu-
nity for antigen detection. Activated effector T cells dis-
seminate broadly to exert contact-dependent functions. 
After antigen clearance, memory T cells remain distrib-
uted throughout the organism, providing an anatomically 
pervasive network for immunosurveillance. Memory 
T cells themselves are quite heterogeneous, with their 
functions being integrated with their location.

New approaches and technologies have precipitated 
several recent important discoveries related to T cell 
migration. These observations, which include visuali-
zation of T cell mobility within different lymphoid and 
non-lymphoid compartments, refinements in our under-
standing of T cell egress, the concept of T cell residency, 
new insights into the regulation of homing mol ecule 
expression and further dissection of the relationship 
between T cell location and function, are shaping models 
of lineage differentiation and the perceived requirements 
for effective immunosurveillance. This Review summa-
rizes the recent literature, synthesizes emerging concepts 
and highlights future directions for the field.

+OOWPQUWTXGKNNCPEG�D[�PCKXG�6|EGNNU
Entry into secondary lymphoid organs. The adult mouse 
contains several billion cells, only ~100 of which 
are naive T cells with specificity for any single given 

peptide–MHC complex1,2. However, immunization is 
sufficient to initiate recognition and subsequent activa-
tion of essentially all naive T cells within 3 days1. This 
remarkable feat is mediated by the antigen collecting 
capacity of SLOs coupled with the selective migration of 
naive T cells to these sites.

Enough lymphocytes leave lymph and enter the sub-
clavian vein to replace all blood-borne lymphocytes 11 
times daily3. Half a century ago, Gowans traced the fate of 
these cells, discovering that small lymphocytes continu-
ously recirculate among blood, SLOs and lymph4 (FIG. 1a). 
Naive blood-borne T cells enter SLOs within 30 minutes5, 
where they scan antigen-presenting cells (APCs) for cog-
nate antigen before egressing via the efferent lymphatics. 
They then pass through the thoracic duct before return-
ing to the blood ~10–20 h later to begin the cycle anew6,7. 
To overcome shear forces in blood, lymphocytes must 
tether; this precipitates their rolling on high endothe-
lial venules (HEVs), a specialized type of post-capillary 
vascular endothelium present within lymph node para-
cortical regions. This action is typically mediated via 
short-term interactions between CD62L (L-selectin) on 
T cells and 6-sulpho sialyl Lewis X oligosaccharides that 
decorate various core proteins expressed on HEVs8,9. 
Peripheral node addressin (PNAd) is a widely used term 
to collectively denote CD62L-reactive ligands within 
HEVs. Selectin-mediated tethering affords the oppor-
tunity for chemokine sampling via G-protein-coupled 
chemokine receptors expressed by T cells. CC-chemokine 
ligand 21 (CCL21), which is immobilized on HEVs via 
binding to heparin glycosaminoglycans, is recognized by 
CC-chemokine receptor 7 (CCR7) and mediates signal-
ling and subsequent activation of lymphocyte function-
associated antigen 1 (LFA1; also known as integrin-αL)10. 
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The fundamental problem that T cells must solve is mak-
ing contact with rare antigen-bearing cells. This is no easy 
task, given that a single T cell occupies only one one-
hundred-trillionth of the volume of an adult human. This 
feat is achieved in a timely manner by targeted migra-
tion (homing), a process that is coordinately regulated 
with T cell differentiation state. Naive T cells recirculate 
through the paracortical regions of secondary lymphoid 
organs (SLOs), a strategy that maximizes their opportu-
nity for antigen detection. Activated effector T cells dis-
seminate broadly to exert contact-dependent functions. 
After antigen clearance, memory T cells remain distrib-
uted throughout the organism, providing an anatomically 
pervasive network for immunosurveillance. Memory 
T cells themselves are quite heterogeneous, with their 
functions being integrated with their location.

New approaches and technologies have precipitated 
several recent important discoveries related to T cell 
migration. These observations, which include visuali-
zation of T cell mobility within different lymphoid and 
non-lymphoid compartments, refinements in our under-
standing of T cell egress, the concept of T cell residency, 
new insights into the regulation of homing mol ecule 
expression and further dissection of the relationship 
between T cell location and function, are shaping models 
of lineage differentiation and the perceived requirements 
for effective immunosurveillance. This Review summa-
rizes the recent literature, synthesizes emerging concepts 
and highlights future directions for the field.
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contains several billion cells, only ~100 of which 
are naive T cells with specificity for any single given 

peptide–MHC complex1,2. However, immunization is 
sufficient to initiate recognition and subsequent activa-
tion of essentially all naive T cells within 3 days1. This 
remarkable feat is mediated by the antigen collecting 
capacity of SLOs coupled with the selective migration of 
naive T cells to these sites.

Enough lymphocytes leave lymph and enter the sub-
clavian vein to replace all blood-borne lymphocytes 11 
times daily3. Half a century ago, Gowans traced the fate of 
these cells, discovering that small lymphocytes continu-
ously recirculate among blood, SLOs and lymph4 (FIG. 1a). 
Naive blood-borne T cells enter SLOs within 30 minutes5, 
where they scan antigen-presenting cells (APCs) for cog-
nate antigen before egressing via the efferent lymphatics. 
They then pass through the thoracic duct before return-
ing to the blood ~10–20 h later to begin the cycle anew6,7. 
To overcome shear forces in blood, lymphocytes must 
tether; this precipitates their rolling on high endothe-
lial venules (HEVs), a specialized type of post-capillary 
vascular endothelium present within lymph node para-
cortical regions. This action is typically mediated via 
short-term interactions between CD62L (L-selectin) on 
T cells and 6-sulpho sialyl Lewis X oligosaccharides that 
decorate various core proteins expressed on HEVs8,9. 
Peripheral node addressin (PNAd) is a widely used term 
to collectively denote CD62L-reactive ligands within 
HEVs. Selectin-mediated tethering affords the oppor-
tunity for chemokine sampling via G-protein-coupled 
chemokine receptors expressed by T cells. CC-chemokine 
ligand 21 (CCL21), which is immobilized on HEVs via 
binding to heparin glycosaminoglycans, is recognized by 
CC-chemokine receptor 7 (CCR7) and mediates signal-
ling and subsequent activation of lymphocyte function-
associated antigen 1 (LFA1; also known as integrin-αL)10. 
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Although circulating memory T cells provide enhanced protection
against pathogen challenge, they often fail to do so if infection is
localized to peripheral or extralymphoid compartments. In those
cases, it is T cells already resident at the site of virus challenge that
offer superior immune protection. These tissue-resident memory T
(TRM) cells are identified by their expression of the α-chain from
the integrin αE(CD103)β7, and can exist in disequilibrium with the
blood, remaining in the local environment long after peripheral
infections subside. In this study, we demonstrate that long-lived
intraepithelial CD103+CD8+ TRM cells can be generated in the ab-
sence of in situ antigen recognition. Local inflammation in skin and
mucosa alone resulted in enhanced recruitment of effector popu-
lations and their conversion to the TRM phenotype. The CD8+ TRM
cells lodged in these barrier tissues provided long-lived protection
against local challenge with herpes simplex virus in skin and va-
gina challenge models, and were clearly superior to the circulating
memory T-cell cohort. The results demonstrate that peripheral TRM
cells can be generated and survive in the absence of local antigen
presentation and provide a powerful means of achieving immune
protection against peripheral infection.

Microbial infection gives rise to immunity against reexpo-
sure to the same pathogen. This anamnestic immune

memory relies on distinct subsets of adaptive cells such as B cells
and CD4+ and CD8+ T cells that orchestrate the accelerated
and enhanced immune response seen after secondary antigenic
encounter (1). CD8+ memory T cells are specialized in the
generation of large quantities of proinflammatory, immunoreg-
ulatory, and microbicidal mediators upon activation and are
further able to rapidly eliminate infected target cells (2). In line
with this, numerous studies have demonstrated their protective
role, often in models of systemic bacterial and viral infections
(3–7). In these cases, circulating memory T cells in the blood
directly encounter and eliminate microbes in lymphoid filter
tissues such as lymph nodes and spleen (8).
In contrast to their potency in dealing with systemic infection,

memory T cells have often shown surprisingly limited ability to
control infections localized to peripheral tissues (3, 4, 7, 9). It has
been argued that the circulating memory cells are intrinsically
unable to enter peripheral tissues or lose this ability over time
without recent stimulation (8). Nonetheless, a large proportion of
the body’s memory T cells are sequestered in nonlymphoid tissues
(10, 11), where they can provide first-line defense against periph-
eral infection (12). Although some of these are probably recently
stimulated effector or effector-memory T (TEM) cells in transit
through the peripheral compartments (13, 14), there also exist
populations of T cells in disequilibrium with the circulating T-cell
pool (15, 16). These sequestered cells are seeded during the early
or effector phase of the response and thereafter remain lodged in
the periphery without further input from the blood (17, 18),
forming a distinct tissue-resident memory (TRM) cell subset (19).
Given the limited ability of circulating memory T cells to suc-
cessfully control peripheral infection inmany settings,we sought to

determine whether we could embed memory T cells in peripheral
sites in the absenceof ongoing antigen stimulation, and in so doing,
exploit TRM cells to provide effective barrier immune protection.

Results
Circulating CD8+ Memory T Cells Do Not Control Skin Infection with
HSV. Certain peripheral infections are efficiently eliminated by
effector CD8+ T cells but are less well controlled by their
memory counterparts (3, 4, 9, 20). We wanted to address whether
skin infection with herpes simplex virus (HSV) exhibited a similar
pattern of circulating memory cell resistance. To this end, we
vaccinated C57BL/6 mice with a recombinant influenza virus that
contains the immunodominant determinant from the HSV gly-
coprotein B (gB) molecule (flu.gB) to generate cohorts with
effector (day 10 after vaccination) or memory (day 30 after
vaccination) T-cell populations in the circulation. When chal-
lenged by HSV skin infection, mice recently immunized with
the recombinant flu.gB showed marked protection, with strongly
reduced viral loads in the inoculation site compared with non-
immunized controls (Fig. 1A). This protection was also associated
with the absence of zosteriform skin lesions that developed in
nonimmunized mice as a result of viral replication in sensory
neurons, followed by viral recrudescence into a large area of flank
skin (21) (Fig. 1B). Despite this robust control during the effector
phase of the response, CD8+ T cell-mediated immunity was very
short-lived, as memory mice inoculated 30 d after immunization
did not show control of HSV replication (Fig. 1A), and also de-
veloped herpetic skin disease (Fig. 1B). This lack of protection by
circulating memory T cells was also observed even when we in-
oculated with 10,000-fold less infectious viral particles for chal-
lenge infection (Fig. S1A).
One possible reason for the disparity in protection between the

effector and memory time points could have been a decrease in
virus-specific T cells, as their numbers are reduced to approxi-
mately 10% to 15% of those present at the day-10 peak of the
primary response (Fig. 1C), which is consistent with the contrac-
tion seen for other antiviral responses (22). We therefore used
a prime–boost regimen to increase memory T-cell numbers in the
circulation.After transfer of gBT-IT cells, recipientC57BL/6mice
were primed with dendritic cells (DCs) coated with the immuno-
dominant gB peptide and then boosted with the flu.gB recombi-
nant. This regimenpromotes rapid expansion of the specificT cells
on boosting, which thereafter show only a slow contraction (23)
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Although circulating memory T cells provide enhanced protection
against pathogen challenge, they often fail to do so if infection is
localized to peripheral or extralymphoid compartments. In those
cases, it is T cells already resident at the site of virus challenge that
offer superior immune protection. These tissue-resident memory T
(TRM) cells are identified by their expression of the α-chain from
the integrin αE(CD103)β7, and can exist in disequilibrium with the
blood, remaining in the local environment long after peripheral
infections subside. In this study, we demonstrate that long-lived
intraepithelial CD103+CD8+ TRM cells can be generated in the ab-
sence of in situ antigen recognition. Local inflammation in skin and
mucosa alone resulted in enhanced recruitment of effector popu-
lations and their conversion to the TRM phenotype. The CD8+ TRM
cells lodged in these barrier tissues provided long-lived protection
against local challenge with herpes simplex virus in skin and va-
gina challenge models, and were clearly superior to the circulating
memory T-cell cohort. The results demonstrate that peripheral TRM
cells can be generated and survive in the absence of local antigen
presentation and provide a powerful means of achieving immune
protection against peripheral infection.

Microbial infection gives rise to immunity against reexpo-
sure to the same pathogen. This anamnestic immune

memory relies on distinct subsets of adaptive cells such as B cells
and CD4+ and CD8+ T cells that orchestrate the accelerated
and enhanced immune response seen after secondary antigenic
encounter (1). CD8+ memory T cells are specialized in the
generation of large quantities of proinflammatory, immunoreg-
ulatory, and microbicidal mediators upon activation and are
further able to rapidly eliminate infected target cells (2). In line
with this, numerous studies have demonstrated their protective
role, often in models of systemic bacterial and viral infections
(3–7). In these cases, circulating memory T cells in the blood
directly encounter and eliminate microbes in lymphoid filter
tissues such as lymph nodes and spleen (8).
In contrast to their potency in dealing with systemic infection,

memory T cells have often shown surprisingly limited ability to
control infections localized to peripheral tissues (3, 4, 7, 9). It has
been argued that the circulating memory cells are intrinsically
unable to enter peripheral tissues or lose this ability over time
without recent stimulation (8). Nonetheless, a large proportion of
the body’s memory T cells are sequestered in nonlymphoid tissues
(10, 11), where they can provide first-line defense against periph-
eral infection (12). Although some of these are probably recently
stimulated effector or effector-memory T (TEM) cells in transit
through the peripheral compartments (13, 14), there also exist
populations of T cells in disequilibrium with the circulating T-cell
pool (15, 16). These sequestered cells are seeded during the early
or effector phase of the response and thereafter remain lodged in
the periphery without further input from the blood (17, 18),
forming a distinct tissue-resident memory (TRM) cell subset (19).
Given the limited ability of circulating memory T cells to suc-
cessfully control peripheral infection inmany settings,we sought to

determine whether we could embed memory T cells in peripheral
sites in the absenceof ongoing antigen stimulation, and in so doing,
exploit TRM cells to provide effective barrier immune protection.

Results
Circulating CD8+ Memory T Cells Do Not Control Skin Infection with
HSV. Certain peripheral infections are efficiently eliminated by
effector CD8+ T cells but are less well controlled by their
memory counterparts (3, 4, 9, 20). We wanted to address whether
skin infection with herpes simplex virus (HSV) exhibited a similar
pattern of circulating memory cell resistance. To this end, we
vaccinated C57BL/6 mice with a recombinant influenza virus that
contains the immunodominant determinant from the HSV gly-
coprotein B (gB) molecule (flu.gB) to generate cohorts with
effector (day 10 after vaccination) or memory (day 30 after
vaccination) T-cell populations in the circulation. When chal-
lenged by HSV skin infection, mice recently immunized with
the recombinant flu.gB showed marked protection, with strongly
reduced viral loads in the inoculation site compared with non-
immunized controls (Fig. 1A). This protection was also associated
with the absence of zosteriform skin lesions that developed in
nonimmunized mice as a result of viral replication in sensory
neurons, followed by viral recrudescence into a large area of flank
skin (21) (Fig. 1B). Despite this robust control during the effector
phase of the response, CD8+ T cell-mediated immunity was very
short-lived, as memory mice inoculated 30 d after immunization
did not show control of HSV replication (Fig. 1A), and also de-
veloped herpetic skin disease (Fig. 1B). This lack of protection by
circulating memory T cells was also observed even when we in-
oculated with 10,000-fold less infectious viral particles for chal-
lenge infection (Fig. S1A).
One possible reason for the disparity in protection between the

effector and memory time points could have been a decrease in
virus-specific T cells, as their numbers are reduced to approxi-
mately 10% to 15% of those present at the day-10 peak of the
primary response (Fig. 1C), which is consistent with the contrac-
tion seen for other antiviral responses (22). We therefore used
a prime–boost regimen to increase memory T-cell numbers in the
circulation.After transfer of gBT-IT cells, recipientC57BL/6mice
were primed with dendritic cells (DCs) coated with the immuno-
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Different patterns of peripheral migration by
memory CD41 and CD81 T cells
Thomas Gebhardt1, Paul G. Whitney1, Ali Zaid1, Laura K. Mackay1, Andrew G. Brooks1, William R. Heath1, Francis R. Carbone1

& Scott N. Mueller1

Infections localized to peripheral tissues such as the skin result in
the priming of T-cell responses that act to control pathogens.
Activated T cells undergo migrational imprinting within the drain-
ing lymph nodes1, resulting in memory T cells that provide local
and systemic protection2. Combinations of migrating and resident
memory T cells have been implicated in long-term peripheral
immunity, especially at the surfaces that form pathogen entry
points into the body3. However, T-cell immunity consists of sepa-
rate CD41 helper T cells and CD81 killer T cells, with distinct
effector and memory programming requirements4. Whether these
subsets also differ in their ability to form a migrating pool involved
in peripheral immunosurveillance or a separate resident popu-
lation responsible for local infection control has not been explored.
Here, using mice, we show key differences in the migration and
tissue localization of memory CD41 and CD81 T cells following
infection of the skin by herpes simplex virus. On resolution of
infection, the skin contained two distinct virus-specific memory
subsets; a slow-moving population of sequestered CD81 T cells
that were resident in the epidermis and confined largely to the
original site of infection, and a dynamic population of CD41 T
cells that trafficked rapidly through the dermis as part of a wider
recirculation pattern. Unique homing-molecule expression by
recirculating CD41 T effector-memory cells mirrored their pref-
erential skin-migratory capacity. Overall, these results identify a
complexity in memory T-cell migration, illuminating previously
unappreciated differences between the CD41 and CD81 subsets.

Intravital microscopy has provided novel insights into the migration
of naive and effector T cells in lymphoid and non-lymphoid compart-
ments, although there has been no concurrent investigation of CD41

and CD81 T-cell responses in the context of infection5,6. We wanted to
examine long-term peripheral immunity by visualizing how the local-
ization of helper and killer T cells differs as immunity progresses to the
memory phase of the response. To this end, we used skin infection with
herpes simplex virus (HSV) because of the accessibility of this tissue to
intravital imaging and the availability of TCR transgenic mice specific
for viral helper (gDT-II)7 and killer (gBT-I)8 T-cell determinants.
Transgenic gDT-II (CD41) and gBT-I (CD81) cells expressing fluor-
escent markers (enhanced green fluorescent protein, EGFP, or the red
fluorescent protein, DsRed) were transferred into recipient C57BL/6
mice to track virus-specific T cells. Initial experiments using confocal
microscopy showed that both gDT-II and gBT-I T cells were inter-
mixed and present in large numbers throughout the skin 8 days after
inoculation (Fig. 1a), which correlates with the time when virus is just
cleared from this tissue9. Subsequently, the memory phase was marked
by segregation of the CD41 T cells to the dermis and CD81 T cells to
the epidermis (Fig. 1a and b), although T cells were also found in
association with keratin-rich hair follicles in regions with indistinct
boundaries between epithelium and dermis. Differential expression of
the aE integrin subunit CD103 (an adhesion molecule implicated in
persistence of intraepithelial T cells10,11) on the skin-infiltrating T cells

was consistent with differences in localization by the subsets, with the
strongest CD103 staining on the CD81 cells (Fig. 1c).

Differential localization of helper and killer T cells has previously
been noted in human skin12,13 and other tissues, such as gut and genital
mucosa11,14. Intravaginal HSV infection resulted in localization (after
clearance of the infection) of the majority of the virus-specific helper T
cells to the lamina propria and of killer T cells to the epithelium
(Supplementary Fig. 2), similar to the separation observed after skin
infection (Fig. 1a).

To investigate the dynamics associated with the differential T-cell
localization, intravital two-photon microscopy was performed at vari-
ous times after infection. As observed by static imaging, we found a
broad distribution of gDT-II and gBT-I T cells throughout the skin
during the effector phase of the response (Fig. 1d and Supplementary
Movies 1 and 2). This was followed by retreat of the CD81 T cells to the
epidermis and a largely dermal localization for the CD41 T cells during
memory (Fig. 1d and Supplementary Movies 3–5). During the effector
phase, movement of the CD41 and CD81 T cells through the dermis
occurred with similar mean velocities, and was marked by polarized
cell shapes and rapid changes in direction (Fig. 1e and Supplementary
Fig. 3a and b). Interestingly, epidermal T cells were significantly less
motile than those in the dermis, with a lower mean velocity and higher
arrest coefficients during this period. This migrational difference
between dermal- and epidermal-associated T cells was even more pro-
nounced during memory, when slow-moving epidermal killer T cells
of dendritic morphology were observed above the more rapidly traf-
ficking dermal helper T cells (Fig. 1e–g, Supplementary Fig. 3a and
Supplementary Movies 3–5). Such findings suggest that the relative
motility of cells in the skin was determined by their localization to
epidermis or dermis, and was only indirectly subset related.

The distinct localization and motility of the helper and killer T cells
probably reflected differences in trafficking capabilities. To test whether
HSV-specific helper T cells could preferentially leave the tissue, we
cultured explanted skin that had resolved infection and contained
virus-specific memory CD41 and CD81 T cells. As shown in Fig. 2a
and Supplementary Fig. 4, almost half of all helper T cells left the skin
during the culture period, compared to less than 5% of killer T cells,
suggesting that the latter were probably sequestered from the circulation.
To demonstrate such sequestration, we contrived a situation where cells
with access to the bloodstream were susceptible to depletion. Adoptive
transfer of virus-specific T cells of male origin into female mice results in
an immune response directed to the male minor transplantation
antigens that eliminates circulating cells bearing male antigens. We
surmised that T cells in the epidermis of the skin might be independent
from the circulation, and thus largely resistant to rejection.

Figure 2b and Supplementary Fig. 5a and b show that the male-
origin virus-specific helper and killer T cells underwent expansion after
skin infection with HSV, and then both were lost from the circulation
at around 12 days after infection, consistent with anti-male transplant
rejection. This rejection was not seen with female-into-female transfer
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Recent work has demonstrated that following the clearance of
infection a stable population of memory T cells remains present in
peripheral organs and contributes to the control of secondary
infections. However, little is known about how tissue-resident
memory T cells behave in situ and how they encounter newly
infected target cells. Here we demonstrate that antigen-specific
CD8+ T cells that remain in skin following herpes simplex virus infec-
tion show a steady-state crawling behavior in between keratino-
cytes. Spatially explicit simulations of the migration of these
tissue-resident memory T cells indicate that the migratory dendritic
behavior of these cells allows the detection of antigen-expressing
target cells in physiologically relevant time frames of minutes to
hours. Furthermore, we provide direct evidence for the identifica-
tion of rare antigen-expressing epithelial cells by skin-patrolling
memory T cells in vivo. These data demonstrate the existence of
skin patrol by memory T cells and reveal the value of this patrol
in the rapid detection of renewed infections at a previously
infected site.

Cellular Potts Model | intravital imaging | HSV-1

After the clearance of infection, the majority of antigen-
specific T cells that have expanded to contribute to pathogen

control die, but a small fraction of memory T cells (Tmem) survive
to confer protection upon reencountering the same pathogen.
Most of these protective cells continuously circulate between
blood and lymph nodes; however, some peripheral cells, so-called
tissue-resident memory T cells, permanently abandon the circu-
lating memory pool and take up residence in nonlymphoid tissues
(1, 2). Tissue-resident memory T cells have been observed in
sensory ganglia (3), brain parenchyma (4), and both the intestinal
(5) and skin epithelia (2, 3). At least in the case of skin epithelia,
resident memory T cells exist in disequilibrium with the circulating
pool and can therefore be considered as a distinctive memory
subset (2, 6, 7). In the absence of sustained antigen presentation
(i.e., following virus clearance), skin-resident memory T cells
down-regulate transcription of cytolytic molecules (8). Neverthe-
less, tissue-resident memory T cells provide superior protection
against local virus reactivation relative to the circulating memory
T-cell pool (3, 6, 9).
Although it has been proposed that the control of local infec-

tions by resident memory T cells is due to the advantage conferred
by the proximity to sites of viral entry (6), it has not been resolved
how tissue-residing memory T cells mediate their protective effect.
Here we address this question, through a combination of intravital
microscopy and computational modeling. We demonstrate that
the CD8+ T cells that stay behind in the epidermis actively patrol
the skin, continuously migrating within the host tissue to contact
surrounding cells. This uninterrupted movement, combined with
the dendritic shape that memory T cells acquire upon epithelial
residence, enables them to encounter infected cells in physiologi-
cally relevant timeframes. Thus, morphology and motility of tissue-

resident memory T cells constitute a central component of their
ability to provide enhanced local immune protection.

Results
Model to Dissect the Function of Skin-Resident Memory T Cells. To
understand how tissue-resident CD8+ memory T cells guard
against viral reinfections, we first set out to develop an experi-
mental model in which the activity of skin-resident versus systemic
CD8+ Tmem can be analyzed without potential confounding
effects of virus-specific CD4+memory T cells or antibodies. To this
purpose, we transferred naive CD8+ herpes simplex virus-1
(HSV)–specific (10), GFP+ T cells (GFP+gB) into C57BL/6j
recipients and subsequently vaccinated the mice by skin DNA
injection, using a DNA vaccine encoding the gB498–505 epitope that
is recognized by gB T cells (Fig. 1A). The magnitude of vaccine-
induced gB498–505-specific CD8+ T-cell responses in these mice (up
to 5% of circulating CD8+ T cells at days 11–15 postvaccination;
Fig. 1B) was comparable to that induced in mice that had not
received adoptive transfer. However, the gB498–505-specific CD8+
T-cell response in recipients of GFP+ gB T cells fully consisted of
GFP+ cells (Fig. S1A), thus ensuring that the fluorescent cells ob-
served during imaging represented the entire population of gB498–

505-responsive T cells. Analysis of the vaccination site several weeks
after treatment revealed the presence of large numbers of GFP+
cells that displayed a dendritic morphology (Fig. 1C). In agreement
with previous literature (2), multiphoton analysis of the skin
established that the GFP+ cells were exclusively restricted to the
epidermal layers, including hair shafts (Fig. 1 D and E). Flow
cytometry demonstrated that the GFP+ cells extracted from the
skin were uniformly CD8+TCRβ+ and KbgB498–505tetramer+,
thereby qualifying them as bona fide HSV-specific CD8+ Tmem
(Fig. 1F); furthermore, they expressed a high level of CD103
(integrin αEβ7; Fig. 1G), an adhesion molecule implicated in T-cell
retention within the epithelia (6). Consistent with published liter-
ature (6), the skin-resident memory T-cell pool that was induced by
skin vaccination displayed a morphology and phenotype similar to
that found after local skin infection with HSV, demonstrating that
long-term tissue retention of CD8+ Tmem is not dependent on the
presence of virus. To determine the contribution of the vaccine-
induced CD8+ skin-resident memory T-cell pool to the control of
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A vaccine strategy that protects against genital
herpes by establishing local memory T cells
Haina Shin1 & Akiko Iwasaki1

Most successful existing vaccines rely on neutralizing antibodies,
which may not require specific anatomical localization of B cells.
However, efficacious vaccines that rely on T cells for protection
have been difficult to develop, as robust systemic memory T-cell
responses do not necessarily correlate with host protection1. In
peripheral sites, tissue-resident memory T cells provide superior
protection compared to circulating memory T cells2,3. Here
we describe a simple and non-inflammatory vaccine strategy that
enables the establishment of a protective memory T-cell pool
within peripheral tissue. The female genital tract, which is a portal
of entry for sexually transmitted infections, is an immunologically
restrictive tissue that prevents entry of activated T cells in the
absence of inflammation or infection4. To overcome this obstacle,
we developed a vaccine strategy that we term ‘prime and pull’ to
establish local tissue-resident memory T cells at a site of potential
viral exposure. This approach relies on two steps: conventional
parenteral vaccination to elicit systemic T-cell responses (prime),
followed by recruitment of activated T cells by means of topical
chemokine application to the restrictive genital tract (pull), where
such T cells establish a long-term niche and mediate protective
immunity. In mice, prime and pull protocol reduces the spread
of infectious herpes simplex virus 2 into the sensory neurons and
prevents development of clinical disease. These results reveal a
promising vaccination strategy against herpes simplex virus 2,
and potentially against other sexually transmitted infections such
as human immunodeficiency virus.

Viral sexually transmitted infections (STIs) such as human immuno-
deficiency virus 1 (HIV-1) and herpes simplex virus 2 (HSV-2) account
for considerable morbidity and mortality around the world. Strong
preclinical evidence for the role of T cells in controlling viral STIs
has led to the design of prophylactic vaccines that elicit systemic cellu-
lar immunity, and yet these vaccines have not been efficacious1,5.
Although systemic memory T cells can migrate freely through organs
such as the spleen and liver, other parts of the body such as the in-
testines, lung airways, central nervous system, skin and vagina are
restrictive for memory T-cell entry6. In the latter tissues, inflammation
or infection is often required to permit entry of circulating activated T
cells to establish a tissue-resident memory T-cell pool that is separate
from the circulating pool2,7,8. Given that side effects of inflammation in
the reproductive tissue may preclude the use of a live prophylactic
vaccine given vaginally, we investigated an alternative approach to
recruit virus-specific T cells into the vaginal mucosa without inducing
local inflammation or infection.

After genital HSV-2 infection, chemokine (C-X-C motif) ligand 9
(CXCL9) and CXCL10 expression is induced by interferon-c secreted
by CD41 T cells and mediates recruitment of effector CD81 T cells to
the infected tissue via the chemokine receptor CXCR3 (ref. 4). CXCR3
is expressed by both effector T-helper 1 (TH1) cells and activated
CD81 T cells, as well as other cell types9. Thus, we proposed that
the topical application of chemokines CXCL9 and CXCL10 might
be sufficient to recruit effector T cells to the vagina in the absence of
infection. To test this hypothesis we used T-cell antigen receptor

transgenic CD81 T cells that recognize an epitope within the HSV
glycoprotein B (gBT-I)10 to track the HSV-2 specific CD8 T-cell popu-
lation. Naive female C57BL/6 mice were transplanted with 105 conge-
nically marked gBT-I CD81 T cells and immunized subcutaneously
with an attenuated strain of HSV-2 that lacks thymidine kinase (TK2

HSV-2)11 (Fig. 1a). As expected, this route of immunization resulted
in minimal migration of activated CD81 T cells into the vagina
(Fig. 1b, c). To recruit or ‘pull’ activated HSV-specific CD81 T cells,
the chemokines CXCL9 and CXCL10 were topically applied to the
vaginal cavity of subcutaneously immunized mice (Fig. 1a). Another
group of mice was immunized intravaginally with TK2 HSV-2, which
served as a positive control for maximal CD81 T-cell recruitment to
the vagina (Fig. 1b, c). At day 6 post infection, all three treatment
groups exhibited primary CD81 T-cell responses of similar magni-
tudes, as indicated by the numbers and percentages of systemic gBT-I
CD81 T cells found in the spleen (Fig. 1b, c). However, the number
and percentage of gBT-I CD81 T cells in the vagina were significantly
higher in mice treated with the chemokine pull (subcutaneous
immunization plus pull) compared to the control subcutaneously
immunized mice (Fig. 1b, c). Furthermore, the action of the chemo-
kine pull was restricted to the genital mucosa, as gBT-I CD81 T-cell
recruitment to the vagina-draining iliac lymph nodes was limited
(Fig. 1c). Activated CD41 T cells were also strongly recruited to the
vagina by the chemokine pull (Fig. 1d). Antigen in the vagina was not
responsible for the recruitment, as HSV-2 genomic DNA was absent
from the genital tract after subcutaneous immunization (Sup-
plementary Fig. 1). To mimic a vaccination scenario more closely,
we also tested whether endogenous virus-specific T cells could be
recruited by prime and pull. Like gBT-I CD81 T cells, the systemic
endogenous HSV-specific CD81 T-cell response was similar in all
immunized groups (Supplementary Fig. 2a). However, significantly
greater numbers of HSV-specific CD81 T cells as well as CD41 T cells
were present in the genital tracts of mice treated with the chemokine
pull as compared to subcutaneous immunization alone (Supplemen-
tary Fig. 2). Thus, these data show that the prime and pull method is
capable of recruiting a large number of parenterally primed T cells to
the genital tract with a single topical application of chemokines.

To assess the possible inflammatory consequences of topical che-
mokine application to the vagina, we examined the presence of innate
inflammatory cells after the chemokine pull. Other cell types, includ-
ing natural killer cells and plasmacytoid dendritic cells (pDCs) express
CXCR3 (ref. 9). However, no significant increase in the number of
pDCs, natural killer cells, granulocytes, dendritic cells, monocytes,
macrophages and monocyte-derived dendritic cells was elicited by
the chemokine treatment (subcutaneously immunized plus pull) com-
pared to the subcutaneously immunized control (Supplementary Fig.
3). These data indicated that topical chemokines do not induce appre-
ciable recruitment of natural killer cells or pDCs to the vagina and that
effector T cells are selectively recruited during prime and pull without
inducing a general inflammatory response.

During genital HSV infection, CD41 T cells act as a pioneering popu-
lation for the migration of virus-specific CD81 T cells by inducing the

1Department of Immunobiology, Yale University School of Medicine, 300 Cedar Street, New Haven, Connecticut 06520, USA.

1 5 N O V E M B E R 2 0 1 2 | V O L 4 9 1 | N A T U R E | 4 6 3

Macmillan Publishers Limited. All rights reserved©2012

LETTER
doi:10.1038/nature11522

A vaccine strategy that protects against genital
herpes by establishing local memory T cells
Haina Shin1 & Akiko Iwasaki1

Most successful existing vaccines rely on neutralizing antibodies,
which may not require specific anatomical localization of B cells.
However, efficacious vaccines that rely on T cells for protection
have been difficult to develop, as robust systemic memory T-cell
responses do not necessarily correlate with host protection1. In
peripheral sites, tissue-resident memory T cells provide superior
protection compared to circulating memory T cells2,3. Here
we describe a simple and non-inflammatory vaccine strategy that
enables the establishment of a protective memory T-cell pool
within peripheral tissue. The female genital tract, which is a portal
of entry for sexually transmitted infections, is an immunologically
restrictive tissue that prevents entry of activated T cells in the
absence of inflammation or infection4. To overcome this obstacle,
we developed a vaccine strategy that we term ‘prime and pull’ to
establish local tissue-resident memory T cells at a site of potential
viral exposure. This approach relies on two steps: conventional
parenteral vaccination to elicit systemic T-cell responses (prime),
followed by recruitment of activated T cells by means of topical
chemokine application to the restrictive genital tract (pull), where
such T cells establish a long-term niche and mediate protective
immunity. In mice, prime and pull protocol reduces the spread
of infectious herpes simplex virus 2 into the sensory neurons and
prevents development of clinical disease. These results reveal a
promising vaccination strategy against herpes simplex virus 2,
and potentially against other sexually transmitted infections such
as human immunodeficiency virus.

Viral sexually transmitted infections (STIs) such as human immuno-
deficiency virus 1 (HIV-1) and herpes simplex virus 2 (HSV-2) account
for considerable morbidity and mortality around the world. Strong
preclinical evidence for the role of T cells in controlling viral STIs
has led to the design of prophylactic vaccines that elicit systemic cellu-
lar immunity, and yet these vaccines have not been efficacious1,5.
Although systemic memory T cells can migrate freely through organs
such as the spleen and liver, other parts of the body such as the in-
testines, lung airways, central nervous system, skin and vagina are
restrictive for memory T-cell entry6. In the latter tissues, inflammation
or infection is often required to permit entry of circulating activated T
cells to establish a tissue-resident memory T-cell pool that is separate
from the circulating pool2,7,8. Given that side effects of inflammation in
the reproductive tissue may preclude the use of a live prophylactic
vaccine given vaginally, we investigated an alternative approach to
recruit virus-specific T cells into the vaginal mucosa without inducing
local inflammation or infection.

After genital HSV-2 infection, chemokine (C-X-C motif) ligand 9
(CXCL9) and CXCL10 expression is induced by interferon-c secreted
by CD41 T cells and mediates recruitment of effector CD81 T cells to
the infected tissue via the chemokine receptor CXCR3 (ref. 4). CXCR3
is expressed by both effector T-helper 1 (TH1) cells and activated
CD81 T cells, as well as other cell types9. Thus, we proposed that
the topical application of chemokines CXCL9 and CXCL10 might
be sufficient to recruit effector T cells to the vagina in the absence of
infection. To test this hypothesis we used T-cell antigen receptor

transgenic CD81 T cells that recognize an epitope within the HSV
glycoprotein B (gBT-I)10 to track the HSV-2 specific CD8 T-cell popu-
lation. Naive female C57BL/6 mice were transplanted with 105 conge-
nically marked gBT-I CD81 T cells and immunized subcutaneously
with an attenuated strain of HSV-2 that lacks thymidine kinase (TK2

HSV-2)11 (Fig. 1a). As expected, this route of immunization resulted
in minimal migration of activated CD81 T cells into the vagina
(Fig. 1b, c). To recruit or ‘pull’ activated HSV-specific CD81 T cells,
the chemokines CXCL9 and CXCL10 were topically applied to the
vaginal cavity of subcutaneously immunized mice (Fig. 1a). Another
group of mice was immunized intravaginally with TK2 HSV-2, which
served as a positive control for maximal CD81 T-cell recruitment to
the vagina (Fig. 1b, c). At day 6 post infection, all three treatment
groups exhibited primary CD81 T-cell responses of similar magni-
tudes, as indicated by the numbers and percentages of systemic gBT-I
CD81 T cells found in the spleen (Fig. 1b, c). However, the number
and percentage of gBT-I CD81 T cells in the vagina were significantly
higher in mice treated with the chemokine pull (subcutaneous
immunization plus pull) compared to the control subcutaneously
immunized mice (Fig. 1b, c). Furthermore, the action of the chemo-
kine pull was restricted to the genital mucosa, as gBT-I CD81 T-cell
recruitment to the vagina-draining iliac lymph nodes was limited
(Fig. 1c). Activated CD41 T cells were also strongly recruited to the
vagina by the chemokine pull (Fig. 1d). Antigen in the vagina was not
responsible for the recruitment, as HSV-2 genomic DNA was absent
from the genital tract after subcutaneous immunization (Sup-
plementary Fig. 1). To mimic a vaccination scenario more closely,
we also tested whether endogenous virus-specific T cells could be
recruited by prime and pull. Like gBT-I CD81 T cells, the systemic
endogenous HSV-specific CD81 T-cell response was similar in all
immunized groups (Supplementary Fig. 2a). However, significantly
greater numbers of HSV-specific CD81 T cells as well as CD41 T cells
were present in the genital tracts of mice treated with the chemokine
pull as compared to subcutaneous immunization alone (Supplemen-
tary Fig. 2). Thus, these data show that the prime and pull method is
capable of recruiting a large number of parenterally primed T cells to
the genital tract with a single topical application of chemokines.

To assess the possible inflammatory consequences of topical che-
mokine application to the vagina, we examined the presence of innate
inflammatory cells after the chemokine pull. Other cell types, includ-
ing natural killer cells and plasmacytoid dendritic cells (pDCs) express
CXCR3 (ref. 9). However, no significant increase in the number of
pDCs, natural killer cells, granulocytes, dendritic cells, monocytes,
macrophages and monocyte-derived dendritic cells was elicited by
the chemokine treatment (subcutaneously immunized plus pull) com-
pared to the subcutaneously immunized control (Supplementary Fig.
3). These data indicated that topical chemokines do not induce appre-
ciable recruitment of natural killer cells or pDCs to the vagina and that
effector T cells are selectively recruited during prime and pull without
inducing a general inflammatory response.

During genital HSV infection, CD41 T cells act as a pioneering popu-
lation for the migration of virus-specific CD81 T cells by inducing the
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Memory: homing begets differentiation
Following the resolution of an infection, most effector 
T cells die, but a fraction of responding T cells differ-
entiate into long-lived memory T cells. Unlike naive 
T cells, which have SLO-restricted homing patterns, 
antigen-experienced T cells exhibit a much broader ana-
tomical distribution, being present in both SLOs and non- 
lymphoid tissues. Memory T cells also exhibit remark-
able heterogeneity with respect to phenotype, differen-
tiation and function; importantly, these parameters are 
associated with their migration patterns and associated  
anatomical locations.

Central and effector memory. Historically, analyses of 
cell-mediated immune responses were biased towards 
populations of cells that can be easily harvested (that is, 
from venous blood) or that are present in high concen-
trations (that is, in SLOs). Secondary T cell responses 
were largely viewed as just a faster and more efficacious 
recapitulation of a primary immune response. It was 
thought that like primary immune responses, second-
ary immune responses were initiated in SLOs and 
depended on a period of proliferation before migration 
of the expanded effector T cell populations to sites of 
infection. Crucially, in this model T cells would not be 
immediately available to intercept pathogens at non-
lymphoid tissue points of entry, where they are typi-
cally first encountered. Instead, memory T cells would 
be latecomers to non-lymphoid tissue sites of pathogen 
re-exposure.

In 1999, a pivotal study from Lanzavecchia and col-
leagues highlighted heterogeneity among memory CD4+ 
and CD8+ T cells isolated from human blood90. They 
conceptualized this heterogeneity by delineating mem-
ory T cells into two subsets: central and effector memory 

T cells (TCM cells and TEM cells, respectively). TCM cells 
were defined by the expression of lymph-node-homing 
molecules, and together with later studies, the data sup-
ported a model in which they exhibited the canonical 
memory T cell properties traditionally associated with 
anamnestic responses; like naive T cells, they recircu-
lated through SLOs, possessed considerable capacity for 
interleukin-2 (IL-2) synthesis and proliferation upon 
TCR stimulation and, after several days of stimulation, 
gave rise to abundant effector T cells that migrated to 
sites of infection91,92. TEM cells were defined in blood by 
the absence of SLO-homing molecules, and thus puta-
tively represented populations that recirculated through 
non-lymphoid tissues. Interestingly, many TEM cells con-
stitutively maintained heightened effector-like functions 
(such as cytolytic activity among CD8+ T cells) that 
could be rapidly expressed without requiring a period 
of re-differentiation. The great elegance of the TCM/TEM 
model was that it married functional specialization with 
T cell migration patterns and location.

Innumerable studies have demonstrated that a sur-
prisingly large proportion of both CD4+ and CD8+ 
memory T cells can be recovered from non-lymphoid 
tissues. Congruent with the TCM/TEM model, the pheno-
type and functional properties varied considerably 
between SLO and non-lymphoid tissue populations of 
memory T cells93,94. To emphasize this crucial theme, 
tissue location is often highly predictive of memory 
T cell phenotype irrespective of antigen-specificity 
and stimulation history 95,96. For example, virus- 
specific memory TCRαβ+ CD8αβ+ T cells isolated from 
the intestinal mucosa constitutively retain granzyme 
B expression and cytolytic activity after antigen clear-
ance93,97. Moreover, they express low levels of CD127 
(also known as IL-7Rα) and CD122 (also known as 
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Memory: homing begets differentiation
Following the resolution of an infection, most effector 
T cells die, but a fraction of responding T cells differ-
entiate into long-lived memory T cells. Unlike naive 
T cells, which have SLO-restricted homing patterns, 
antigen-experienced T cells exhibit a much broader ana-
tomical distribution, being present in both SLOs and non- 
lymphoid tissues. Memory T cells also exhibit remark-
able heterogeneity with respect to phenotype, differen-
tiation and function; importantly, these parameters are 
associated with their migration patterns and associated  
anatomical locations.

Central and effector memory. Historically, analyses of 
cell-mediated immune responses were biased towards 
populations of cells that can be easily harvested (that is, 
from venous blood) or that are present in high concen-
trations (that is, in SLOs). Secondary T cell responses 
were largely viewed as just a faster and more efficacious 
recapitulation of a primary immune response. It was 
thought that like primary immune responses, second-
ary immune responses were initiated in SLOs and 
depended on a period of proliferation before migration 
of the expanded effector T cell populations to sites of 
infection. Crucially, in this model T cells would not be 
immediately available to intercept pathogens at non-
lymphoid tissue points of entry, where they are typi-
cally first encountered. Instead, memory T cells would 
be latecomers to non-lymphoid tissue sites of pathogen 
re-exposure.

In 1999, a pivotal study from Lanzavecchia and col-
leagues highlighted heterogeneity among memory CD4+ 
and CD8+ T cells isolated from human blood90. They 
conceptualized this heterogeneity by delineating mem-
ory T cells into two subsets: central and effector memory 

T cells (TCM cells and TEM cells, respectively). TCM cells 
were defined by the expression of lymph-node-homing 
molecules, and together with later studies, the data sup-
ported a model in which they exhibited the canonical 
memory T cell properties traditionally associated with 
anamnestic responses; like naive T cells, they recircu-
lated through SLOs, possessed considerable capacity for 
interleukin-2 (IL-2) synthesis and proliferation upon 
TCR stimulation and, after several days of stimulation, 
gave rise to abundant effector T cells that migrated to 
sites of infection91,92. TEM cells were defined in blood by 
the absence of SLO-homing molecules, and thus puta-
tively represented populations that recirculated through 
non-lymphoid tissues. Interestingly, many TEM cells con-
stitutively maintained heightened effector-like functions 
(such as cytolytic activity among CD8+ T cells) that 
could be rapidly expressed without requiring a period 
of re-differentiation. The great elegance of the TCM/TEM 
model was that it married functional specialization with 
T cell migration patterns and location.

Innumerable studies have demonstrated that a sur-
prisingly large proportion of both CD4+ and CD8+ 
memory T cells can be recovered from non-lymphoid 
tissues. Congruent with the TCM/TEM model, the pheno-
type and functional properties varied considerably 
between SLO and non-lymphoid tissue populations of 
memory T cells93,94. To emphasize this crucial theme, 
tissue location is often highly predictive of memory 
T cell phenotype irrespective of antigen-specificity 
and stimulation history 95,96. For example, virus- 
specific memory TCRαβ+ CD8αβ+ T cells isolated from 
the intestinal mucosa constitutively retain granzyme 
B expression and cytolytic activity after antigen clear-
ance93,97. Moreover, they express low levels of CD127 
(also known as IL-7Rα) and CD122 (also known as 
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secondary infections, we vaccinated recipients of GFP+gB T cells
on one flank with the gB498–505 DNA vaccine, to create a localized
CD8+ memory T-cell pool. Three months after vaccination, mice
were challenged with an HSV strain that expresses the td-tomato
fluorescent protein (HSVTOM) at both the ipsilateral (i.e., pre-
viously vaccinated) and contralateral site, and infection growth was
monitored over time (Fig. S1B). Intravital imaging of the infected
skin revealed the presence of similarly sized HSV-infected lesions
early after infection (P = 0.4402). In contrast, whereas infections at
the contralateral site continued to grow rapidly, HSV foci at
memory CD8+ T-cell sites were in large part contained (Fig. S1 C
and D; comparison contra – ipsi, P < 0.001), establishing that skin-
resident CD8+ T cells play an important role in the control of local
secondary HSV infections.

Skin-Resident Memory T Cells Display a Continuous Migratory Behavior.
To investigate how tissue-resident memory T cells can provide

such local protection we performed long-term imaging of skin-
resident GFP+CD8+ Tmem at formerly infected sites. These
experiments revealed that at all of the examined time points
postinfection, these cells were not sessile, but migrated pro-
ductively within the epidermis, with mean speeds of about
1.3 μm/min (Movie S1). Whereas the speed of Tmem migration
was relatively low, Tmem migration was characterized by long
directional persistence, with cells moving in a similar direction
for an average of ∼10.5 min. Combined, these speed and di-
rectionality parameters result in a high motility coefficient of
∼9 μm2/min, close to that of lymph node B cells (11). To address
whether this steady-state migration could reflect continued low-
level T-cell receptor (TCR) triggering due to the presence of
residual antigen, we generated an experimental setting in which
tissue-resident memory T cells reside in skin areas in which their
cognate antigen was never introduced. To this purpose, naive
GFP+OTI T cells were transferred into C57BL/6j recipients
and activated by application of a DNA vaccine encoding the
OVA257–264 epitope that is recognized by the OTI TCR to create
a pool of effector GFP+OTI T cells. At this time point, mice
were infected by epidermal HSV application, and entry and
maintenance of the “bystander” GFP+OTI T cells at the site of
HSV infection was evaluated. These analyses demonstrated that
effector CD8+ T cells also form long-term local T-cell memory at
sites of former bystander infection (Fig. 2A). Importantly, these
bystander tissue-resident memory T cells displayed a dendritic
morphology (Fig. 2B) and showed a productive migration
through the epidermis (Movie S2), indicating that both of these
Tmem cell properties are antigen-independent. Thus, regardless
of the presence of cognate antigen, CD8+ T cells that enter the
skin epithelium up-regulate the surface expression of CD103 and
acquire dendritic morphology and constitutive motility.

Migratory Behavior of Memory T Cells Allows Contact with a Large
Number of Surrounding Cells. The continuous movement of the
epithelium-resident memory pool (Fig. 2C) suggests that in time
CD8+ T cells can cover long distances and as a consequence
contact a large number of surrounding tissue cells. To visualize
the cumulative skin area that can be patrolled by migrating
populations of skin-resident CD8+ Tmem over time, all con-
secutive images from a 4-h imaging session were overlayed (Fig.
2D). This analysis revealed that at the cell densities found within
previously infected areas, the migratory behavior of CD8+ Tmem
is sufficient to allow the exploration of a large portion of skin
within a period of hours. Constitutive steady-state migration of
skin-resident Tmem was observed up to 18 mo after primary
infection, the latest time point analyzed. As a control, and con-
sistent with prior data (12), the cell body of skin-resident
Langerhans cells (LCs) did not show detectable displacement
(Fig. 2E). LCs, epidermal γδ T cells, and CD8+ Tmem within the
epidermis all have a dendritic shape. It has been established that
LCs project their dendrites upward, toward the stratum corneum
(13), a property that allows them to capture antigens from the
most superficial skin layers. Likewise, the dendrites of γδ T cells
invariably project toward the stratum corneum (14). However,
the observation that skin-resident CD8+ Tmem show a continu-
ous migration through the epidermis, together with the fact that
the dendrites continuously change size, length, and direction
(Movies S1 and S2), suggests that these dendrites could serve
a different function. To compare the morphology of dendrites
from skin-resident γδ T cells, LC, and CD8+ Tmem we analyzed
these cell types in whole-mount stains. CD8+ Tmem had fewer
but thicker dendrites compared with γδ T cells; more impor-
tantly, whereas the dendritic extensions of Langerhans cells and
epidermal γδ T cells pointed upward, the dendrites of CD8+
Tmem were almost all parallel to the epidermis, consistent with
patrol along a 2D surface (Fig. 3 and Movie S3). Thus, memory
T cells residing in the epidermis differ from other immune cells
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Fig. 1. Morphology, localization, and phenotype of skin-resident memory
CD8+ T cells. (A) Recipients of GFP+gB T cells (day −1) were vaccinated with
a DNA vaccine encoding the gB498–505 epitope (days 0, 3, and 6) and imaged
1 mo later. (B) The percentage of GFP+gB498–505tetramer+ cells was measured
in blood over time (arrows indicate vaccination timepoints). (C) Top view
confocal maximum intensity projections of GFP+gB T cells infiltrating skin 1
mo after local HSVTOM infection. Images are representative of five experi-
ments. (Scale bars: Left, 50 μm; Middle and Right, 10 μm.) (D and E) Areas of
skin containing infiltrating GFP+gB T cells were imaged by intravital multi-
photon microscopy 3 mo after infection; the position of the dermis was
determined by exploiting second harmonic generation properties of colla-
gen type I. Arrows indicate tissue direction, from outside to inside the ani-
mal. (F) Cell suspensions from skin biopsies 1 mo after local HSVTOM infection
were analyzed for the indicated markers and GFP expression. Left plot is
gated on live cells; right plot is gated on TCRβ+ live cells. GFP+ cells are
depicted in green and GFP− cells are depicted in black. (G) Surface expression
of CD103 by TCRβ+CD8+GFP+ cells from previously infected skin (green), TCRβ+

CD8+GFP+ splenocytes (gray), and TCRβ+CD8+GFP− splenocytes (black line).
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Use tattoo needle to induce very local HSV-1 
infections in the epidermis layer of the skin. 

Dendritic memory CD8+ T cells persist locally. 
Good protection to reinfection in the same 

area, and no protection to reinfection on the 
other flank
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Transfer activated gBT-1 and paint skin with irritant.  
Activated CD8+ T cells preferentially lodge into the inflamed skin. 

Good protection to HSV infection in painted areas, but little protection 
to HSV infection in the other flank (ctrl) 

Activated T cells home to inflamed tissues in a non-specific manner 
Can we use this to improve vaccination?

whereas antigen recognition was critical to CD103 up-regulation in
the sensory ganglia, it was dispensable in the case of those memory
cells resident in the skin (Fig. 3B). Note that CD103 is up-regulated
afterT cells enter theganglia, as theearly recruits donot express this
marker (Fig. S4). The antigen-independentCD103 up-regulation in
skin, but not sensory ganglia, was also seen when activated OT-I T
cells of irrelevant (i.e., ovalbumin) specificity were transferred be-
foreflank infection (Fig. 3B).TheCD103up-regulationon theOT-I
cells and their survival in skin also argued that these events were not
caused by aberrant cross-reactivity between the gBT-I transgenic
cells and DNFB. Overall, the results suggest that skin has an in-
herent capability of supporting the formation of CD103+TRM cells.

Skin TRM Cells Provide Local Protection Against Infection in Absence
of Ongoing T-Cell Stimulation. We next wanted to determine
whether the virus-specific TRM cells lodged by DNFB treatment
could control local HSV infection. To this end, we transferred ac-
tivated T cells to C57BL/6 mice that were treated on the left flank
withDNFB and then infected on the left and right flanks withHSV.
Fig. 4A shows that, although herpetic zosteriform lesions appeared
on control flanks deficient in TRM cells, skin containing this pop-
ulation was protected from disease. Consistent with this protection,
virus replication was severely suppressed in skin previously treated
withDNFB (Fig. 4B). Virus control was dependent on the presence
of CD8+ memory T cells, as mice that had undergone DNFB
treatment but had not received transferred gBT-I cells showed little
signs of protection in terms of alleviated disease (Fig. 4A) or re-
duced virus load (Fig. 4B). Such protection was also evident for at
least 100 d after TRM lodgement (Fig. S5). Protection was antigen-
specific, as skin containing ovalbumin-specific memory OT-I CD8+
T cells showed a lack of protection (Fig. 4B). As surface replica-
tion feeds virus into the sensory ganglia that persists thereafter
(30), we reasoned that inhibition of skin infection should also limit
the extent of latent infection. The latency set-point was indeed
reduced, as shown by using a recombinant virus (KOS.LβA) that
expresses the reporter β-gal gene under the latency promoter (31)
(Fig. 4C) and, separately, by estimation of the average genome
copy number persisting after active virus replication had subsided
(32) (Fig. 4D).

TRM Cells Offer Superior Protection Against Peripheral Infection
Compared with Circulating Memory T Cells. Although the prefer-
ential protection on DNFB-treated flanks suggested that local
TRM cells offered superior immunity compared with the circu-
lating memory populations, one could have argued that the ef-
fect actually involved some DNFB-induced perturbation of the
skin architecture that then enhanced recruitment of the circu-
lating memory population. It has been shown that TRM pre-
cursors are only present in the circulation for a short time after
antigen stimulation (17), so we progressively delayed DNFB
treatment after transfer of activated T cells. Fig. 5A shows that
a delay of 15 d resulted in dramatic reduction of TRM lodgement
in the skin despite equal numbers of virus-specific memory T
cells present in the spleen (Fig. 5B). As a consequence, this
approach allowed the generation of two cohorts with equivalent
numbers of circulating memory T cells, but different densities of
TRM cells in the skin. After flank infection by scarification, only
mice with TRM cells were protected against skin disease and
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Fig. 3. CD103 is selectively up-regulated on T cells in skin in the absence of
local antigen stimulation. (A) Representative flow cytometry plot showing
CD103 expression by gBT-I T cells in DNFB-treated skin and the spleen 360 d
after DNFB treatment. (B) Mice were seeded with naive gBT-I T cells and 1 ×
107 in vitro activated OT-I T cells and infected with HSV KOS (WT virus) on
the left flank and the HSV variant K.L8A on the right flank of the same
mouse. Shown is CD103 expression by gBT-I T cells in the skin and ganglia of
HSV KOS-infected flanks (gBT-I/KOS; black line), gBT-I T cells in the skin and
ganglia of flanks infected with the HSV variant K.L8A (gBT-I/K.L8A; dotted
line), and OT-I T cells in the skin and ganglia of HSV KOS-infected flanks
(OT-I; gray filled line), at days 28 to 35 after infection. All data are repre-
sentative of three independent experiments.
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Fig. 4. Virus-specific T cells artificially lodged in the skin are protective
against infection with HSV. Mice were seeded with in vitro-activated gBT-I T
cells and treated with DNFB on the left flank. A control cohort did not re-
ceive gBT-I T cells or received in vitro-activated OT-I T cells. Mice were
infected with HSV on both left (DNFB) and right (ctrl) skin flanks 30 to 38 d
after DNFB treatment. (A) Representative photographs showing lesion for-
mation and (B) viral titers in the skin 6 d after HSV infection in the cohorts
described. Symbols represent individual mice; bars represent the mean. Data
are pooled from three experiments. (C) Mice were treated as described and
infected on the left and right flanks with HSV KOS.LβA virus at day 35 after
DNFB treatment. At day 20 after infection, the innervating ganglia (T8–12)
were harvested, fixed, and stained to detect β-gal expression in infected
cells. Shown are representative photomicrographs of whole mounted gan-
glia from a single mouse (Left), and pooled data are shown in the bar graph.
Bars represent mean ± SEM of viral-infected cells in pooled ganglia/mouse
(n = 5 mice per group). (D) Viral copy number in the innervating ganglia at
day 20 after HSV infection. Bars represent mean ± SEM. Data are repre-
sentative of two independent experiments.
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whereas antigen recognition was critical to CD103 up-regulation in
the sensory ganglia, it was dispensable in the case of those memory
cells resident in the skin (Fig. 3B). Note that CD103 is up-regulated
afterT cells enter theganglia, as theearly recruits donot express this
marker (Fig. S4). The antigen-independentCD103 up-regulation in
skin, but not sensory ganglia, was also seen when activated OT-I T
cells of irrelevant (i.e., ovalbumin) specificity were transferred be-
foreflank infection (Fig. 3B).TheCD103up-regulationon theOT-I
cells and their survival in skin also argued that these events were not
caused by aberrant cross-reactivity between the gBT-I transgenic
cells and DNFB. Overall, the results suggest that skin has an in-
herent capability of supporting the formation of CD103+TRM cells.

Skin TRM Cells Provide Local Protection Against Infection in Absence
of Ongoing T-Cell Stimulation. We next wanted to determine
whether the virus-specific TRM cells lodged by DNFB treatment
could control local HSV infection. To this end, we transferred ac-
tivated T cells to C57BL/6 mice that were treated on the left flank
withDNFB and then infected on the left and right flanks withHSV.
Fig. 4A shows that, although herpetic zosteriform lesions appeared
on control flanks deficient in TRM cells, skin containing this pop-
ulation was protected from disease. Consistent with this protection,
virus replication was severely suppressed in skin previously treated
withDNFB (Fig. 4B). Virus control was dependent on the presence
of CD8+ memory T cells, as mice that had undergone DNFB
treatment but had not received transferred gBT-I cells showed little
signs of protection in terms of alleviated disease (Fig. 4A) or re-
duced virus load (Fig. 4B). Such protection was also evident for at
least 100 d after TRM lodgement (Fig. S5). Protection was antigen-
specific, as skin containing ovalbumin-specific memory OT-I CD8+
T cells showed a lack of protection (Fig. 4B). As surface replica-
tion feeds virus into the sensory ganglia that persists thereafter
(30), we reasoned that inhibition of skin infection should also limit
the extent of latent infection. The latency set-point was indeed
reduced, as shown by using a recombinant virus (KOS.LβA) that
expresses the reporter β-gal gene under the latency promoter (31)
(Fig. 4C) and, separately, by estimation of the average genome
copy number persisting after active virus replication had subsided
(32) (Fig. 4D).

TRM Cells Offer Superior Protection Against Peripheral Infection
Compared with Circulating Memory T Cells. Although the prefer-
ential protection on DNFB-treated flanks suggested that local
TRM cells offered superior immunity compared with the circu-
lating memory populations, one could have argued that the ef-
fect actually involved some DNFB-induced perturbation of the
skin architecture that then enhanced recruitment of the circu-
lating memory population. It has been shown that TRM pre-
cursors are only present in the circulation for a short time after
antigen stimulation (17), so we progressively delayed DNFB
treatment after transfer of activated T cells. Fig. 5A shows that
a delay of 15 d resulted in dramatic reduction of TRM lodgement
in the skin despite equal numbers of virus-specific memory T
cells present in the spleen (Fig. 5B). As a consequence, this
approach allowed the generation of two cohorts with equivalent
numbers of circulating memory T cells, but different densities of
TRM cells in the skin. After flank infection by scarification, only
mice with TRM cells were protected against skin disease and
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Fig. 3. CD103 is selectively up-regulated on T cells in skin in the absence of
local antigen stimulation. (A) Representative flow cytometry plot showing
CD103 expression by gBT-I T cells in DNFB-treated skin and the spleen 360 d
after DNFB treatment. (B) Mice were seeded with naive gBT-I T cells and 1 ×
107 in vitro activated OT-I T cells and infected with HSV KOS (WT virus) on
the left flank and the HSV variant K.L8A on the right flank of the same
mouse. Shown is CD103 expression by gBT-I T cells in the skin and ganglia of
HSV KOS-infected flanks (gBT-I/KOS; black line), gBT-I T cells in the skin and
ganglia of flanks infected with the HSV variant K.L8A (gBT-I/K.L8A; dotted
line), and OT-I T cells in the skin and ganglia of HSV KOS-infected flanks
(OT-I; gray filled line), at days 28 to 35 after infection. All data are repre-
sentative of three independent experiments.
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Fig. 4. Virus-specific T cells artificially lodged in the skin are protective
against infection with HSV. Mice were seeded with in vitro-activated gBT-I T
cells and treated with DNFB on the left flank. A control cohort did not re-
ceive gBT-I T cells or received in vitro-activated OT-I T cells. Mice were
infected with HSV on both left (DNFB) and right (ctrl) skin flanks 30 to 38 d
after DNFB treatment. (A) Representative photographs showing lesion for-
mation and (B) viral titers in the skin 6 d after HSV infection in the cohorts
described. Symbols represent individual mice; bars represent the mean. Data
are pooled from three experiments. (C) Mice were treated as described and
infected on the left and right flanks with HSV KOS.LβA virus at day 35 after
DNFB treatment. At day 20 after infection, the innervating ganglia (T8–12)
were harvested, fixed, and stained to detect β-gal expression in infected
cells. Shown are representative photomicrographs of whole mounted gan-
glia from a single mouse (Left), and pooled data are shown in the bar graph.
Bars represent mean ± SEM of viral-infected cells in pooled ganglia/mouse
(n = 5 mice per group). (D) Viral copy number in the innervating ganglia at
day 20 after HSV infection. Bars represent mean ± SEM. Data are repre-
sentative of two independent experiments.
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Protection against lethal genital HSV infection

After pulling memory cells into FRT with chemokines: 
 good protection to lethal genital HSV 

No sterilizing immunity, but protection of dorsal route ganglia (DRG) 

Mackay [PNAS2012]: use spermicide components for pulling 
cognate T cells into FRT: protection from genital HSV infection.

Shin Nature 2012

probably T-cell mediated. These results demonstrate that the addition of
a chemokine pull to parenteral immunization could greatly enhance
protective immunity against genital HSV-2 infection.

To test more stringently the long-term protection afforded by prime
and pull, we also challenged mice 10–12 weeks post pull. At this late
time point, the prime and pull group lost less weight compared to
subcutaneously immunized controls (Supplementary Fig. 7a), and
were significantly protected from development of disease (Supplemen-
tary Fig. 7b). Furthermore, at 2 weeks post challenge, the prime and
pull group had a survival rate of 100%, whereas subcutaneously immu-
nized controls had a survival rate of 57% (Supplementary Fig. 7c).
Thus, our results show that the protection provided by prime and pull
lasts over time and remains robust up to 12 weeks after chemokine
treatment.

To determine the mechanism by which the prime and pull strategy
mediates protection from HSV-2 disease, we measured viral replica-
tion within the genital mucosa. Notably, we found no difference in
virus titres from the vaginal secretion of subcutaneously immunized
versus chemokine-treated (subcutaneously immunized plus pull) mice
(Fig. 4d and Supplementary Figs. 5d and 7d), indicating that protection
was probably being mediated at a different location. As the more severe
symptoms of clinical disease in mice are associated with viral replica-
tion in the peripheral nervous system18, we next investigated whether
prime and pull could protect the DRG against infection. When viral

replication within the DRG was measured, we found that mice treated
with the chemokine pull had significantly lower virus titres than non-
immunized mice (Fig. 4e). Furthermore, viral titres in the DRG of
the prime and pull group were significantly lower than that of sub-
cutaneously immunized mice (Fig. 4e). Together, these data indicate
that prime and pull strategy greatly reduces disease by controlling
neuronal infection with HSV-2 rather than by controlling mucosal
viral replication.

Our study demonstrates that after conventional vaccination to
generate a systemic T-cell population (prime), a single topical treat-
ment with chemokines applied vaginally (pull) can provide superior
protection against genital herpes by decreasing the spread of virus
from the mucosal epithelia into the neurons. Importantly, protection
of neurons from HSV-2 infection by prime and pull may decrease
reactivation and viral shedding, which may reduce disease and trans-
mission. Although the exact role of T cells in controlling neuronal
HSV-2 infection after prime and pull is not yet clear, we speculate that
the local HSV-specific T cells may help to control entry of virus at the
neuronal endings, or promote blockade of viral replication once inside
the neurons. Furthermore, other studies have demonstrated that T
cells recruited to the genital tract by inflammation alone can decrease
viral replication at the mucosal surface19, suggesting that control of
infection at the site of entry may be possible by optimizing prime and
pull. Thus, in addition to preventing reactivation of latent HSV20,
virus-specific memory T cells may be mobilized to control neuronal
viral infection during primary infection. Although topical application
in the genital tract of Toll-like receptor ligands such as imiquimod
have been shown to be effective as a therapeutic approach21, they may
not be ideal vaccine candidates as they seem to be effective for only a
short time after application and function through the induction of pro-
inflammatory cytokines22. The novel prime and pull vaccine strategy
described here provides an alternative to direct immunization of the
genital tract, and establishes robust, long-term immunity with minimal
local inflammation.

Cellular immunity is critical in mediating protection against viral
STIs such as HSV-2 and HIV-1 (ref. 23). Both viruses enter through
the genital mucosa, begin local replication and then spread to other
tissues23. Although our data highlight the role of prime and pull in
controlling viral spread to the peripheral nervous system, this vaccina-
tion approach is not necessarily restricted to neurotropic viruses. HIV-
1 enters the genital mucosa and invades the draining lymph node, from
which systemic dissemination of the virus occurs23. In its current form,
prime and pull establishes tissue-resident memory CD81 T cells but
not CD41 T cells. Given that a single HIV-1 virion can establish infec-
tion in humans23, local memory CD81 T cells may be key to protection
against HIV-1 (ref. 23) by reducing replication and dissemination of
the founder virus, while the absence of local CD41 T cells could limit
the availability of immediate target cells. Beyond viral infections, prime
and pull could be applied to improve recruitment of immune cells to
other restrictive microenvironments such as solid tumours. Effective
immunotherapy can be hindered by either decreased or inappropriate
expression of chemokines at the tumour tissue, leading to minimal
migration of immune cells24. Delivery of appropriate chemokines to
the tumour tissue after immunization could enhance recruitment of
tumour-specific T cells and augment the efficacy of immunotherapies.
Although the protocol we present pairs the pull with a suboptimal
subcutaneous immunization, we propose that the prime and pull strat-
egy could be used in conjunction with more effective immunizations5

to enhance protection. Ultimately, the ability to boost recruitment of T
cells and establish resident T-cell populations in peripheral tissues
restrictive for lymphocyte homing will aid not only in the prevention
but also in the treatment of a wide variety of diseases.

METHODS SUMMARY
Adoptive transfers, infections and T-cell depletion. CD81 T cells (105) from
the spleens of naive CD45.11 gBT-I TCR transgenic mice10 were adoptively
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Figure 4 | Prime and pull protects mice from lethal genital HSV-2 challenge.
a, Weight loss in mice immunized as shown in Fig. 1a and then challenged
vaginally with a lethal dose of HSV-2 4 weeks post pull. b, Disease severity in
mice immunized as shown in Fig. 1a and then challenged vaginally with a lethal
dose of HSV-2 four weeks post pull. A higher disease score indicates more
severe disease symptoms. c, Survival in mice immunized as shown in Fig. 1a and
then challenged vaginally with a lethal dose of HSV-2 4 weeks post pull.
d, HSV-2 viral titres from vaginal washes collected at the indicated time points
post challenge with HSV-2. Dashed line indicates limit of detection, none
detected. n 5 11 (non-immunized), n 5 9 (intravaginal immunization), n 5 12
(subcutaneously immunized control, subcutaneously immunized plus pull).
e, Viral titres were measured in the dorsal root ganglia 6–7 days post challenge.
Number 3 ND, number of mice in which no virus was detected. n 5 6–11 per
group. Statistical significance was measured by two-way ANOVA (a, b, d), log-
rank (Mantel-Cox) test (c) or two-tailed unpaired Student’s t-test (e). Data are
pooled from 3–5 independent experiments.
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probably T-cell mediated. These results demonstrate that the addition of
a chemokine pull to parenteral immunization could greatly enhance
protective immunity against genital HSV-2 infection.

To test more stringently the long-term protection afforded by prime
and pull, we also challenged mice 10–12 weeks post pull. At this late
time point, the prime and pull group lost less weight compared to
subcutaneously immunized controls (Supplementary Fig. 7a), and
were significantly protected from development of disease (Supplemen-
tary Fig. 7b). Furthermore, at 2 weeks post challenge, the prime and
pull group had a survival rate of 100%, whereas subcutaneously immu-
nized controls had a survival rate of 57% (Supplementary Fig. 7c).
Thus, our results show that the protection provided by prime and pull
lasts over time and remains robust up to 12 weeks after chemokine
treatment.

To determine the mechanism by which the prime and pull strategy
mediates protection from HSV-2 disease, we measured viral replica-
tion within the genital mucosa. Notably, we found no difference in
virus titres from the vaginal secretion of subcutaneously immunized
versus chemokine-treated (subcutaneously immunized plus pull) mice
(Fig. 4d and Supplementary Figs. 5d and 7d), indicating that protection
was probably being mediated at a different location. As the more severe
symptoms of clinical disease in mice are associated with viral replica-
tion in the peripheral nervous system18, we next investigated whether
prime and pull could protect the DRG against infection. When viral

replication within the DRG was measured, we found that mice treated
with the chemokine pull had significantly lower virus titres than non-
immunized mice (Fig. 4e). Furthermore, viral titres in the DRG of
the prime and pull group were significantly lower than that of sub-
cutaneously immunized mice (Fig. 4e). Together, these data indicate
that prime and pull strategy greatly reduces disease by controlling
neuronal infection with HSV-2 rather than by controlling mucosal
viral replication.

Our study demonstrates that after conventional vaccination to
generate a systemic T-cell population (prime), a single topical treat-
ment with chemokines applied vaginally (pull) can provide superior
protection against genital herpes by decreasing the spread of virus
from the mucosal epithelia into the neurons. Importantly, protection
of neurons from HSV-2 infection by prime and pull may decrease
reactivation and viral shedding, which may reduce disease and trans-
mission. Although the exact role of T cells in controlling neuronal
HSV-2 infection after prime and pull is not yet clear, we speculate that
the local HSV-specific T cells may help to control entry of virus at the
neuronal endings, or promote blockade of viral replication once inside
the neurons. Furthermore, other studies have demonstrated that T
cells recruited to the genital tract by inflammation alone can decrease
viral replication at the mucosal surface19, suggesting that control of
infection at the site of entry may be possible by optimizing prime and
pull. Thus, in addition to preventing reactivation of latent HSV20,
virus-specific memory T cells may be mobilized to control neuronal
viral infection during primary infection. Although topical application
in the genital tract of Toll-like receptor ligands such as imiquimod
have been shown to be effective as a therapeutic approach21, they may
not be ideal vaccine candidates as they seem to be effective for only a
short time after application and function through the induction of pro-
inflammatory cytokines22. The novel prime and pull vaccine strategy
described here provides an alternative to direct immunization of the
genital tract, and establishes robust, long-term immunity with minimal
local inflammation.

Cellular immunity is critical in mediating protection against viral
STIs such as HSV-2 and HIV-1 (ref. 23). Both viruses enter through
the genital mucosa, begin local replication and then spread to other
tissues23. Although our data highlight the role of prime and pull in
controlling viral spread to the peripheral nervous system, this vaccina-
tion approach is not necessarily restricted to neurotropic viruses. HIV-
1 enters the genital mucosa and invades the draining lymph node, from
which systemic dissemination of the virus occurs23. In its current form,
prime and pull establishes tissue-resident memory CD81 T cells but
not CD41 T cells. Given that a single HIV-1 virion can establish infec-
tion in humans23, local memory CD81 T cells may be key to protection
against HIV-1 (ref. 23) by reducing replication and dissemination of
the founder virus, while the absence of local CD41 T cells could limit
the availability of immediate target cells. Beyond viral infections, prime
and pull could be applied to improve recruitment of immune cells to
other restrictive microenvironments such as solid tumours. Effective
immunotherapy can be hindered by either decreased or inappropriate
expression of chemokines at the tumour tissue, leading to minimal
migration of immune cells24. Delivery of appropriate chemokines to
the tumour tissue after immunization could enhance recruitment of
tumour-specific T cells and augment the efficacy of immunotherapies.
Although the protocol we present pairs the pull with a suboptimal
subcutaneous immunization, we propose that the prime and pull strat-
egy could be used in conjunction with more effective immunizations5

to enhance protection. Ultimately, the ability to boost recruitment of T
cells and establish resident T-cell populations in peripheral tissues
restrictive for lymphocyte homing will aid not only in the prevention
but also in the treatment of a wide variety of diseases.

METHODS SUMMARY
Adoptive transfers, infections and T-cell depletion. CD81 T cells (105) from
the spleens of naive CD45.11 gBT-I TCR transgenic mice10 were adoptively
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Figure 4 | Prime and pull protects mice from lethal genital HSV-2 challenge.
a, Weight loss in mice immunized as shown in Fig. 1a and then challenged
vaginally with a lethal dose of HSV-2 4 weeks post pull. b, Disease severity in
mice immunized as shown in Fig. 1a and then challenged vaginally with a lethal
dose of HSV-2 four weeks post pull. A higher disease score indicates more
severe disease symptoms. c, Survival in mice immunized as shown in Fig. 1a and
then challenged vaginally with a lethal dose of HSV-2 4 weeks post pull.
d, HSV-2 viral titres from vaginal washes collected at the indicated time points
post challenge with HSV-2. Dashed line indicates limit of detection, none
detected. n 5 11 (non-immunized), n 5 9 (intravaginal immunization), n 5 12
(subcutaneously immunized control, subcutaneously immunized plus pull).
e, Viral titres were measured in the dorsal root ganglia 6–7 days post challenge.
Number 3 ND, number of mice in which no virus was detected. n 5 6–11 per
group. Statistical significance was measured by two-way ANOVA (a, b, d), log-
rank (Mantel-Cox) test (c) or two-tailed unpaired Student’s t-test (e). Data are
pooled from 3–5 independent experiments.
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