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Abstract

Disruption of T cell memory during severe immune suppression results in reactivation of
chronic viral infections, such as Epstein Barr virus (EBV) and Cytomegalovirus (CMV). How
different subsets of memory T cells contribute to the protective immunity against these
viruses remains poorly defined. In this study we examined the compartmentalization of
virus-specific, tissue resident memory CD8* T cells in human lymphoid organs. This
revealed two distinct populations of memory CD8" T cells, that were CD69*CD103* and
CD69*CD1037, and were retained within the spleen and tonsils in the absence of recent T
cell stimulation. These two types of memory cells were distinct not only in their phenotype
and transcriptional profile, but also in their anatomical localization within tonsils and spleen.
The EBV-specific, but not CMV-specific, CD8* memory T cells preferentially accumulated
in the tonsils and acquired a phenotype that ensured their retention at the epithelial sites
where EBV replicates. In vitro studies revealed that the cytokine IL-15 can potentiate the
retention of circulating effector memory CD8" T cells by down-regulating the expression of
sphingosine-1-phosphate receptor, required for T cell exit from tissues, and its transcrip-
tional activator, Kruppel-like factor 2 (KLF2). Within the tonsils the expression of IL-15 was
detected in regions where CD8™ T cells localized, further supporting a role for this cytokine
in T cell retention. Together this study provides evidence for the compartmentalization of
distinct types of resident memory T cells that could contribute to the long-term protection
against persisting viral infections.
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Author Summary

Some viruses have the capacity to establish chronic infections in humans. How different T
cell populations effectively control these infections has not been clear. Continuous circula-
tion of memory T cells was thought to be crucial for effective immune surveillance against
such infections. Recent studies in mice however, have shown that non-circulating tissue
resident memory populations can also contribute to protective immunity. In this study we
have examined the distribution, localization and characteristics of Epstein-Barr virus and
Cytomegalovirus-specific T cells in different human tissues. This showed that virus-spe-
cific T cells were differentially distributed in different tissues and there was preferential
accumulation of EBV-specific resident memory T cells at sites where EBV reactivates. In
vitro studies showed that IL-15 and TGF-f could cooperate to extinguish tissue exit signals
in T cells and therefore potentiate their retention within tissues. IL-15 expression was also
detected in areas where T cells aggregated within the tissue. Together our study provides
insight into how distinct memory T cells are compartmentalized in tissues to maintain
long-term protection against persisting viral infections.

Introduction

It has recently become evident that protective T cell immunity relies not only on circulating
memory T cells but also on non-circulating resident memory populations [1-5]. These resident
memory T (Trm) cells have been identified in a variety of different non-lymphoid and lym-
phoid tissues in mice [6-10]. Importantly, when compared to their circulating counterparts
Trm cells provide superior protection against reinfection at their site of localisation [6,11-16].
The characteristics of these cells in humans however, are poorly understood. A greater under-
standing of the mechanisms that regulate their development and maintenance is paramount
for future vaccine strategies.

Residence within tissue environments depends upon the ability of T cells to overcome the
egress signals. This is achieved by acquiring expression of receptors that enhance cellular inter-
action within the tissue and facilitate survival for prolonged periods within that tissue. The exit
signal for T cells is largely mediated by the concentration gradient of sphingosine-1-phosphate
and expression of its receptor, S1P1, on T cells [17]. Accordingly, studies in mice have shown
that Trm cells completely lack the expression of S1P1 as well as its transcriptional regulator
KLF2 [18,19]. T cell exit through the efferent lymphatic system is facilitated by the expression
of CCR7. KLF2 is also known to positively regulate the transcription of CCR7 [20], and there-
fore the loss of KLF2 may also abrogate the CCR7 mediated T cell exit. Trm cells are further
distinguished from their circulating counterparts by constitutively expressing CD69. This C-
type lectin has traditionally been considered as a marker of T cell activation, but its role in pro-
moting tissue residence, through binding to and down-modulating pre-existing S1P1 on the T
cell surface, has only recently been recognized [21-23]. A second surface marker associated
with tissue residence is CD103, the alpha chain of the integrin oEB7 which mediates T cell
binding to E-cadherin expressed on epithelial tissues [24]. In the mouse, at least two distinct
subsets of Trm cells have been identified based on the presence or absence of CD103, with the
CD103" subset largely found at barrier surfaces [6,13,25-27].

To date, studies in man suggest that Trm cells are likely to be present in both lymphoid and
non-lymphoid organs [28-32]. A recent study has shown that human skin is populated with at
least two distinct memory T cell subsets that are non-circulating resident populations. This was
demonstrated in patients who underwent alemtuzumab treatment, which selectively depleted
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the circulating T cell populations [29]. Most other studies however, have relied solely on the
expression of CD69 as a Trm marker and, while large numbers of CD69"CD8" T cells have
been reported in human lymphoid organs [28,30], the significance of such findings is difficult
to judge. Firstly, it is not clear whether these CD69"CD8" T cells possess other aspects of the
Trm phenotype, such as loss of S1P1 and KLF2, or whether they merely express CD69 as a
result of recent activation. Furthermore a crucial feature attributed to Trm cells in mouse mod-
els, namely the ability of antigen-specific cells to persist at sites of potential antigen encounter
[10], has only been examined in human skin [33] or lungs [34]. Whether antigen-specific Trm
cells accumulate in human lymphoid tissues is unknown.

In that context, it is relevant to compare the distribution of CD8" T cells to two common
human herpesviruses, Epstein-Barr virus (EBV) and cytomegalovirus (CMV) in different
human tissues. Both elicit numerically strong CD8" T cell responses, but are harboured at dif-
ferent sites in vivo [35,36]. EBV persists as a latent infection of a memory B cell population that
preferentially recirculates between the blood and oropharyngeal lymphoid tissues such as the
tonsil [37]. Occasional reactivation from the latent reservoir is thought to seed foci of lytic
infection in oropharyngeal epithelium, leading to periods of viral shedding into throat wash-
ings [36]. By contrast, CMV persists as a latent infection of the myeloid lineage with the capac-
ity to reactivate to lytic infection at various tissue sites [35]. In this study we have focused on
two human lymphoid tissues, namely spleen and tonsils, and have used CD69 and CD103 to
identify two distinct subsets of memory T cells that are retained within these two organs in the
absence of recent T cell activation. These two populations are transcriptionally distinct by S1P1
and KLF2 expression and have different anatomic distributions, with a selective retention of
EBV-specific T cells in tonsillar tissues suggesting that they are strategically positioned at sites
of possible antigen encounter. Our data also indicated the important roles for two locally-pro-
duced cytokines, IL-15 and TGF-B, in determining tissue residence of CD8" T cells.

Results

CD69 is expressed on memory CD8" T cells in the absence of recent T
cell activation

We chose to compare circulating T cells with T cell populations isolated from human spleens
and tonsils, two lymphoid tissues that are important for infections acquired through blood and
the oropharynx respectively. As previously reported [28], CD69 expression was minimal on
circulating T cells; however, was consistently detected on 25-75% of splenic and tonsillar CD8"
T cells (Fig 1A). CD69 expression was largely confined to memory CD8" T cell populations,
with the CCR7~ CD45RA ~effector memory and CCR7~ CD45RA™ TEMRA subsets together
accounting for over 75% of CD69"CD8" T cells in the spleen and over 90% in the tonsils (Fig
1B). Since CD69 is also expressed on recently activated T cells, we examined CD8" T cell sub-
sets for early (CD137, CD25) or late (HLA-DR) T cell activation markers. When compared to
CD69~CD8" T cells however, there were no differences in the expression levels of these mark-
ers on CD69" CD8" T cells (Fig 1C and 1D). In addition, recently activated effector T cells can
be identified by their high expression of KLRG1. Both CD69" and CD69~CD8" T cells in
spleen (Fig 1C) and tonsils (Fig 1D) however, were largely KLRG1!°". This demonstrated that
CD69 was expressed on memory CD8" T cells in the absence of recent T cell activation.
Enhanced T cell survival capacity is also crucial for the persistence of memory T cells [38]. In
this regard we determined the expression of the pro-survival gene BCL-2 in purified CD69*
and CD69 " effector memory CD8" T cells. Compared to CD69 memory CD8" T cells, CD69"
memory CD8" T cells expressed higher levels of BCL-2 (Fig 1E), suggesting that CD69" mem-
ory CD8" T cells are better equipped for survival than their CD69 counterparts. Together
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Fig 1. CD69 is expressed on CD8* T cells in the absence of recent T cell activation. The phenotype of CD8* T cells isolated from
peripheral blood, spleen and tonsils were examined by flow cytometry. (A) The mean (+ SD; n = 13 for blood and spleen and n =7 for
tonsils) percent of CD69*CD8™ T cells in these compartments. (B) CD69 expression on naive (CCR7*CD45RA™), central memory (TCM,
CCR7*CD45RA™), effector memory (TEM, CCR7CD45RA ) and TEMRA (CCR7 CD45RA*) CD8" T cells from blood (blue), spleen
(red) and tonsils (green). Individual dots represent different donor samples. (C and D) Representative flow cytometry histogram plots
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show the expression levels of activation markers CD25, CD137, HLA-DR and KLRG1 between the CD69*CD8* T cells (red) and
CD69CD8* T cells (blue) in the spleen (C) and tonsils (D). Data is representative of 5 independent experiments. (E) Graph shows the
relative expression levels of BCL2 between CD69* TEM CD8" T cells and CD69~ TEM CD8™" T cells from human spleen (n = 5).

P =0.0625 by one-way ANOVA.

doi:10.1371/journal.ppat.1005799.g001

these data clearly demonstrate that CD69 is expressed on memory CD8" T cells in these lym-
phoid tissues in the absence of recent T cell activation.

Distinct subsets of memory CD8™ T cells populate human lymphoid
tissues

Since at least two distinct subsets of Trm cells can be identified in mouse tissues and human
skin by differential expression of CD103 [6,13,26,27,39], we also examined CD8" T cells from
human spleens and tonsils for co-expression of CD103 and CD69. As shown in Fig 2A and 2B,
in both tissues CD103 expression was largely restricted to the CD69" subset; however, while in
the spleen CD103" cells made up only a small fraction of CD69" population, in the tonsil these
cells comprised around 50% of the CD69" subset. As in the mouse therefore, human lymphoid
tissues contain both CD69*CD103and CD69"CD103" subsets of CD8" T cells. To gain further
insight into possible differences between these two subsets, we characterized both populations
phenotypically using the T cell differentiation markers CD45RA and CCR? (the latter known to
be involved in T cell exit from peripheral tissues and T cell retention in lymph nodes [22,40]),
and CD11a, the alpha chain of the integrin LFA-1 known to be associated with memory T cell
retention in murine tissues [41]. As shown in Fig 2C and 2D, while CD69"CD103~CD8" T cells
were divergent in terms of CD45RA and CCR7 expression, the CD69"CD103" CD8" T cell sub-
set was uniformly CD45RA™ CCR7 ™ in both the spleen and tonsils. The expression levels of
CD11a varied between the organs. In the spleen there were no major differences between the
three subsets, however in the tonsils both CD69" subsets expressed higher levels when com-
pared to the CD69™ subset. Studies in mice suggested that Trm cells have high levels of PD-1
and therefore we asked whether any of the subsets in humans expressed PD-1. We also exam-
ined TIM-3 and BTLA, two markers often associated with cell exhaustion. These showed that
CD69"CD103"CD8" T cells had the highest level of PD-1, followed by CD69*CD103 CD8" T
cells (Fig 2E). Neither of these subsets however, appeared to express both TIM-3 and BTLA
(Fig 2E), suggesting that they are unlikely to be exhausted cells.

To extend the analysis of phenotypic differences between CD69"CD103" and CD69"
CD103 memory cell subsets, we next assessed expression of SIP1 and KLF2, both of which
are down-regulated in, and are thus a feature of Trm cells [18]. We purified CD103"CD69",
CD1037CD69" and CD103~ CD69~ CCR7 memory CD8" T cells from spleen and tonsils
by sorting and then quantified mRNA levels by Q-PCR. This showed that the CD69"CD103™
subset of memory T cells had significantly down-regulated transcription of both markers,
whereas the CD69"CD103 subset had down-regulated S1PRI substantially but KLF2 only
partially (Fig 2F). These data suggested that although both CD69*CD103" and CD69"
CD103  populations are likely to be retained within the tissues, the mechanisms that regu-
late their retention could be different.

CD103"CD69* and CD103~ CD69" CD8™ T cells localize to different
anatomical regions within the lymphoid tissues

To characterize further the differences between CD103~CD69" and CD103"CD69" CD8" T cell
populations, we examined the anatomical location of these subsets. Immunofluorescence
microscopy showed clear differences in the localization of these two subsets in tonsils and spleen.
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Fig 2. Two subsets of CD8* T cells are retained within human lymphoid tissues. The co-expression of CD69 and CD103 by
CD8* T cells isolated from spleen and tonsils were determined by flow cytometry. (A and B) Representative flow cytometry plots
(left) and graphs (right; mean + SEM; n = 10) show the proportion of CD69*CD8* T cells expressing CD103 in human spleen (A) and
tonsils (B). (C—E) Representative flow cytometry plots showing the expression levels of CCR7, CD45RA and CD11a between
CD69CD103(blue), CD69*CD103 (red) and CD69*CD103* (green) CD8™ T cell subsets from the spleen (C) and tonsils (D) and
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the expression of PD-1, TIM3 and BTLA in tonsils (E). Data is representative of 3-5 independent experiments. (F) Relative
expression of KLF2 and S7PR1 in purified CD8" T subsets from the spleen (left panels) and tonsils (right panels). Individual dots
represent different donor samples (n = 8 for spleen and n = 3 for tonsils). Statistical analysis was performed using one-way ANOVA
and Tukey test. P<0.05 is noted with * and P<0.0005 is noted with ***.

doi:10.1371/journal.ppat.1005799.9002

Fig 3A shows the overview of the stains in tonsils and spleen. Higher magnification of tonsillor
sub-epithelial region (area 1) and extra-follicular region (area 2) revealed that CD103*CD69"
CD8" T cells preferentially localized near the epithelial barrier surface while CD103~CD69*
CD8" T cells were largely localized in the extra-follicular regions (Fig 3B). Quantitative analysis
of the proportion of CD103" T cells near the epithelium confirmed that the majority of this sub-
set was indeed localized near the barrier surface (Fig 3C). In the spleen there were only a few
CD69"CD103*CD8" T cells, and these were located within the red pulp (area 1) (Fig 3D). The
CD1037CD69"CD8" T cells however, were localized within the periarteriolar lymphoid sheaths
(PALS) (area 2) (Fig 3D). Together this reveals that CD103~CD69" and CD103"CD69" CD8" T
cells localize to different anatomical locations within human lymphoid tissues.

IL-15 and TGF-( transcriptionally down-regulate KLF2 and S1PR1

Having identified two distinct subsets of CD8" T cells that were retained within human lym-
phoid tissues, we wanted to determine the factors that influenced their retention. Studies in
mice have shown that the maturation of Trm T cells is largely determined by cytokine exposure
[1,19,27]. We therefore asked whether cytokines could potentiate the retention of CD8" T cells
in humans by inducing a Trm-phenotype in circulating CD8" T cells. To this end, CD8" T cells
from peripheral blood were stimulated for 7 days either with candidate cytokines or with T cell
activation and expansion beads (TAE) as a polyclonal TCR stimulus and the expression of
CD69 and CD103 examined by flow cytometry. Stimulation with IL-15 alone consistently up-
regulated CD69 on resting human CD8" T cells (Fig 4A and 4B) including a small population
of CD1037CD69" CD8" T cells (Fig 4A). By contrast, type I interferons IFN-o and IFN-B,
which in mice have been shown to induce CD69 expression on T cells, and IL-2 had little effect
in these experiments (Fig 4B). Although TGF- failed to induce CD69 expression by itself,
together with IL-15, TGF-B induced a small proportion of CD103"CD69" CD8" T cells (Fig 4A
and 4B). Stimulation through the TCR and co-stimulatory receptors using TAE beads resulted
in a large proportion of CD69" and small proportion of CD103" populations (Fig 4A). Impor-
tantly, in contrast to this polyclonal TCR stimulation which up-regulated activation markers
such as CD137, IL-15 induced CD69 expression in the absence of CD137 expression (Fig 4C).
In addition, CD8" T cells isolated from the spleen not only proliferated in response to IL-15,
but also maintained the expression of CD69 (S1A Fig). In order to determine which subsets of
circulating CD8" T cells up-regulated CD69 in response to IL-15 simulation, we purified
peripheral blood naive (CCR7"CD45RA™), central memory (TCM, CCR7"CD45RA ™), effector
memory (TEM, CCR7~CD45RA ™), and TEMRA (CCR7CD45RA™) CD8" cells from blood
by cell sorting, labeled them with cell trace violet (CTV) to track cell proliferation and stimu-
lated them for 7 days with IL-15. This revealed that although all 4 subsets responded to IL-15
and underwent robust proliferation, expression of CD69 was mainly induced on TEM or
TEMRA CDS8" T cells (Fig 4D). These data suggest that effector memory CD8" T cells may be
more responsive to IL-15-induced CD69 expression, which is consistent with the greatest pro-
portion of CD69" cells within the TEM subset in human tonsils and spleens (Fig 1B).

We next determined whether IL-15, TGF- and IL-2 could induce the transcriptional
down-regulation of SIPRI and KLF2 in human CD8" T cells. We stimulated peripheral blood
CD8" T cells with IL-15 or IL-2 in the presence or absence of TGE-p for 7 days, purified
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Fig 3. CD69*CD103*CD8" T cells localize near the epithelial barrier in tonsils. The locations of
CD69"CD8* T cell subsets were determined by immunohistochemistry. (A) Immunofluorescence microscopy
images of human tonsils show the localization of CD8 (green), CD69 (blue) and CD103 (red). Scale bar
represents 100 ym. (B) Higher magnification of areas 1 & 2 show the localization of CD103*CD69*CD8* and
CD103CD69*CD8* T cells within the tonsils. (C) White arrowheads point to CD103*CD69*CD8™ T cells in
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areas 1 and CD103—CD69*CD8* T cells in area 2. (C) Quantitative analysis of the distance of
CD103*CD3"CD8* T cells from the epithelium shows majority localizing near the epithelial surface

(P =0.0022 by two-tailed Mann Whitney U-test). (D) Immunofluorescence microscopy of human spleen
sections shows the localization of CD8 (green), CD69 (blue) and CD103 (red). Scale bar represents 100 pm.
Higher magnification of areas 1 and 2 show the distribution of CD103*CD69*CD8* and CD103—CD69*CD8*
T cells. White arrowheads in area 1 show the CD103*CD69*CD8" T cells and in area 2 show the
CD103—CD69"CD8" T cells.

doi:10.1371/journal.ppat.1005799.g003

CD69" and CD69 CD8" T cells by cell sorting, isolated their RNA and determined expression
levels of KLF2 and SIPR1 by Q-PCR. As shown in Fig 4F and 4F, IL-15 markedly down-regu-
lated SIPRI transcription in the cells that had converted to CD69" status, whereas its effects on
KLF?2 expression were partial and amplified considerably when TGEF-3 was also present. Simi-
larly, IL-2 also down-regulated both KLF2 and S1PR1, however, the presence of TGF-p did not
result in further down-regulation (S1B Fig). In order to determine whether IL-15 induced
CD69"CD8" T cells were unresponsive to S1P gradient we performed trans-well migration
assay. This showed that the migration of CD697CD8" T cells towards S1P was significantly
lower when compared to their CD69™ CD8+ T cell counterparts (Fig 4G), despite being able to
migrate efficiently to CCL5 (Fig 4H).

Constitutive expression of IL-15 within lymphoid tissues can influence
the retention of memory T cells

In view of the above findings, we then examined whether IL-15 expressing cells were present
within human lymphoid tissues. Frozen sections of tonsils were stained for IL-15, CD8" T cells
and B cells. As recently observed in IL-15 reporter mice [42], IL-15 producing cells were abun-
dant in T cell areas of human tonsils, but largely absent from B cell follicles (Fig 5). In addition,
IL-15 was detected in the squamous epithelial cells lining the tonsils. These data provide evi-
dence for the constitutive expression of IL-15 within human tonsils.

Selective retention of virus-specific CD8" T cells within human lymphoid
tissues

In order to understand the significance of CD69"CD103" and CD69"CD103~ CD8" T cell sub-
sets that persist in human lymphoid tissues, we examined the tissue distribution and phenotype
of CD8" memory T cells specific for two common viral pathogens, the B-cell tropic EBV and
largely myeloid cell-tropic CMV. The typical values, including that of some paired blood-tissue
samples, of the proportion of EBV and CMV-specific CD8" T cells in the blood, spleen and
tonsils suggested that EBV-specific CD8" T cells preferentially accumulated in the tonsils,
while CMV-specific CD8" T cells remained in the blood (Fig 6A). This prompted us to exam-
ine the phenotype of the virus-specific cells in these tissues to determine the proportion of Trm
cells. While both EBV-specific and CMV-specific CD8" T cells in circulation were
CD697CD103™ (Fig 6B), a significant proportion of EBV-specific and a small proportion of
CMV-specific CD8" T cells in the spleen expressed CD69 (Fig 6B and 6C). Strikingly, neither
EBV nor CMV-specific CD8" T cells in the spleen expressed CD103 (Fig 6B and 6C). By con-
trast, large proportions of EBV-specific CD8" T cells in the tonsils were CD69"CD103" and the
small fraction of CMV-specific cells found in the tonsils remained CD69~CD103™ (Fig 6C).
The expression levels of late activation marker, HLA-DR was similar between CD69" and
CD69~ EBV-specific cells in the tonsils (Fig 6D), suggesting that the CD69 expression was not
due to recent T cell activation. These observations revealed that there was selective accumula-
tion of CD69"CD103™ EBV-specific CD8" T cells in the tonsils.
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Fig 4. IL-15 and TGF-B co-operate to extinguish expression of KLF2 and STPR1. (A) Representative flow
cytometry plots show the expression of CD69 and CD103 by CD8* T cells following 7 day culture under
different conditions: unstimulated (US), IL-15 or IL-15 + TGF-B and polyclonal stimulation (TAE). (B) Plot shows
the proportion of CD69"CD103" (left panel) and CD69*CD103" (right panel) CD8" T cells following 7 day culture
with different cytokines. Data are represented as the mean and SEM of 5-11 donors. (C) Representative flow
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cytometry plots show the expression of CD69, CD137 and dilution of cell trace violet (CTV) dye following
stimulation of circulating CD8* T cells for 7 days with TAE beads (upper panels) or IL-15 (lower panels). (D)
Representative flow cytometry plot and graph show the expression of CD69 and the dilution of cell trace violet
dye following stimulation of purified circulating naive (n = 4), TCM (n =2), TEM (n = 8) and TEMRA (n = 5) CD8"
T cells for 7 days with IL-15. (E-F) Plots show the relative expression of STPR1 (E) and KLF2 (F) in CD69* or
CD69~CD8* T cells following culture for 7 days with no stimulation or stimulation with IL-15 with and without
TGF-B. Purified circulating CD8* T cells were cultured for 7 days and the resulting CD69* and

CD69 populations were purified by cell sorting. The expression levels of KLF2 and S1pr1 were quantified by
RT-PCR. Individual dots represent different samples and the data is represented as the mean + SEM.
Statistical analysis was performed using one-way ANOVA and Tukey test. P<0.05 is noted with * and P<0.005
is noted with **. (G-H) The ability of IL-15 induced CD69*CD8" T cells to migrate to S1P and CCL5 (20 nM)
was tested in trans-well migration assays. Cultured cells were sorted as stated above (for F) and their ability to
migrate towards different concentrations of S1P (G) or CCL5 (20 nM) (H) was determined. Data represent the
mean and SEM of three independent experiments using three different donors. Statistical analysis was
performed using two-way ANOVA and the p value was < 0.05.

doi:10.1371/journal.ppat.1005799.9004

Discussion

Maintenance of memory CD8" T cells at appropriate anatomical sites appears to be crucial for
optimal protection against recurrent virus infections. In this study we demonstrate that two
distinct subsets of memory CD8" T cells, expressing markers of tissue residence but not of
recent activation, are retained within human lymphoid tissues such as tonsils and spleen.
These two subsets are not only phenotypically distinct, but also anatomically separate within
the tissue environment. CD8" T cell memory to different viruses are differently distributed
between the two subsets and show different patterns of tissue retention, with memory to an
oropharyngeally-replicating virus acquiring a phenotype that is specifically retained at sites of
possible virus reactivation within the tonsil. We also show that IL-15 and TGF-f can potentiate
the retention of memory T cells in tissues.

Fig 5. Constitutive expression of IL-15 within tonsils. Inmunofluorescence microscopy of frozen section of the tonsils
show the presence of IL-15 expressing cells in the T cell areas and the epithelial lining of the tissue. Sections were stained
with anti-IL-15 (red), anti-CD8 (green) and anti-IlgM (blue). Yellow dashed line marks the epithelial barrier surface and the
white dashed-lines show B cell follicles (B). ‘T” indicates the extra-follicular regions where T cells localize.

doi:10.1371/journal.ppat.1005799.9005
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Fig 6. Selective retention of EBV-specific CD8* T cells in tissues. Virus-specific cells were determined by staining single cell
suspensions with soluble peptide-MHC complexes (dextramers). (A) The graphs show the normal range and the line at mean
value for each virus-specific population in blood (blue), spleen (red) and tonsils (orange). (B) Representative flow cytometry
plots show the dual expression of CD69 and CD103 on EBV and CMV-specific CD8* T cells in blood, spleen and tonsils. (C)
Graphs show the proportions of CD69—CD103—, CD69*CD103and CD69*CD103* EBV-specific and CMV-specific CD8* T

PLOS Pathogens | DOI:10.1371/journal.ppat.1005799 August 19, 2016 12/19



ol
@ : PLOS | PATHOGENS Resident Memory T Cells in Human Secondary Lymphoid Organs

cells from spleen and tonsils. Data is presented as the mean + SEM of n = 5 (for EBV specific cells in tonsils and CMV-specific
cells in spleen), n = 6 (EBV-specific cells in spleen) and n = 3 (CMV-specific cells in tonsils) different samples. (D)
Representative flow cytometry overlayed histogram plots show no difference in the expression of HLA-DR between

CD69 (blue) and CD69* (red) EBV-specific CD8" T cells in the tonsils (left) and spleen (right).

doi:10.1371/journal.ppat.1005799.9006

Our initial experiments showed that CD69 is expressed on large proportions of CD8" T
cells in human tonsils and spleen in the absence of recent T cell stimulation. Previous studies
have also reported similar high proportions of CD69"CD8" T cells in human lymphoid tissues
but left open the question whether CD69 was simply a marker of recent activation rather than
tissue residence. The present study, showing that such CD69" cells lack a range of T cell activa-
tion markers, makes it clear that their expression of CD69 reflects tissue retention or tissue-res-
idency. Our data also show that this population is itself heterogeneous, with CD103 as a
marker that differentiates at least two distinct subsets. CD103 is an adhesion molecule that has
already been associated with Trm cells in the skin, brain, gut and reproductive tract in mice
[6,7,9,13,19,25,43]. Although CD103 expression is not a requirement for Trm cell formation
[27,43], its presence on the membrane enables T cells to bind to epithelial surfaces where its
ligand E-cadherin is expressed [24]. We have identified crucial differences between the CD103
"CD69" and CD103°CD69" CD8™ T cell populations in human lymphoid tissues. Both subsets
exhibited dramatic down-regulation in expression of SIP1. However, while there was a corre-
sponding strong down-regulation of KLF2 in the CD103" subset, this was only partial in the
CD103" subset. In line with this, the CD103" subset was uniformly CCR7—, consistent with
KLF?2 also regulating expression of CCR7 [20]. In addition, the CD69"CD103" subset preferen-
tially localized to epithelial barrier. Therefore our data from human tissues not only demon-
strates the differences between CD69"CD103" and CD69*CD103 subsets, but also indicates
that the CD69*CD103" subset is more typical of the Trm cell populations described at barrier
surfaces in mouse models.

Emerging evidence from different mouse models suggest that Trm cell formation is a two-
step process [1]. The first step is the infiltration of a memory precursor population from blood
into the tissue; a process that may or may not depend on the presence of antigen
[7,9,12,13,27,44]. In the second step, the infiltrated precursor cells mature to become Trm cells
through a process that largely depends on cytokines [19,27]. During this maturation process
the CD8" T cells not only express CD69 and CD103, but also substantially down regulate KLF2
and S1P1 [12,19]. To this end, IL-15 and TGF-f have been implicated in the development of
Trm cells in mouse models, although the mechanism by which IL-15 enables Trm cell forma-
tion is unclear [19]. Here we provide evidence for a key role for these two cytokines in humans.
Firstly, we demonstrate that IL-15 alone can up-regulate CD69, probably by down-modulating
S1P1 and KLF2. Our data however, also reveals that down-regulation of KLF2 was only partial
in the presence of IL-15 alone and TGF-f was required for the complete down-regulation of
KLF2. IL-15 is a known growth factor for memory T cells and it enables T cells to persist in the
absence of continuous antigen stimulation [45,46]. Therefore IL-15 is a likely candidate to
retain and maintain a pool of memory T cells. Although it has been known that epithelial cells
produce TGEF-B, here we also demonstrate the presence of IL-15 producing cells at the sites
where T cells are retained. We therefore propose that IL-15 and TGF-f could be the key regula-
tors of CD69"CD103" and CD69"CD103” subsets in human lymphoid tissues.

Further insight into the differences between the two subsets came when the specificity of
CD8" T cells in human spleen and tonsils was examined. Although EBV persists within the
memory B cell compartment, it largely remains as a true latent infection in these cells, and the
evidence for its reactivation outside of oropharynx is limited. For example, the viral load in
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the spleen of healthy virus carriers was 20-fold lower than that observed in their peripheral
blood [47], suggesting that it is unlikely that regular viral replication takes place at sites such
as the spleen. By contrast, the lymphoid tissues associated with the Waldeyer’s ring in the oro-
pharynx are likely sites where virus reactivation takes place, probably initiated when virus-
infected B cells infiltrate these tissues and the infection switches from latency into lytic cycle
to seed foci of replication in permissive oropharyngeal epithelium [37,48,49]. This explains
the occasional bouts of clinically silent virus shedding detectable in the throat washings of
healthy virus carriers [36]. Such shedding is clearly under some form of T cell control, since
levels of shedding are significantly raised in T cell-compromised individuals [36,50]. In this
context the phenotype of EBV-specific CD8" T cells in the tonsils suggests that more than a
third of them were CD69"CD103™ and therefore are likely to be positioned near the epithelial
barrier where EBV reactivates. Furthermore, the CD103"CD69" EBV -specific CD8" T cells
were absent in the spleen and the few CMV-specific CD8" T cells that were retained in the
tonsils and spleen were largely CD1037.

Our data reveal that CD103"CD69" EBV-specific CD8" T cells are selectively retained at
sites of possible antigen encounter, which is consistent with the Trm T cell function implicated
in mouse models [10]. Accumulation of virus-specific CD8" T cells at sites of viral replication
has been observed in other infections as well [11,34]. Here we show the distinct compartmen-
talization of different virus-specific resident memory CD8" T cells that could be a crucial strat-
egy for sustained protective immunity to pathogens. Our study also provides evidence for
locally produced cytokines to potentiate the formation and positioning of Trm T cells. Taking
together, the evidence we provide here suggest that the development of EBV-specific resident
memory CD8" T cells within the tonsils is likely to be influenced by the virus and the local
environment. During active EBV replication, virus-specific effector CD8" T cells are recruited
to the tonsils. These infiltrating EBV-specific CD8" T cells do not express CD103 [51]. Over-
time, under the influence of IL-15 and TGF-f these effector cells are likely to mature to become
CD69"CD103" resident memory T cells, positioned along the epithelial barrier. This is sup-
ported by the finding that CD103" EBV-specific CD8" T cells within the tonsils only appear
during convalescence [51]. The positioning of CD69"CD103"CD8" T cells is likely to be facili-
tated by presence of E-cadherin at these sites [52]. More importantly, when compared to their
circulating counterparts these CD103" EBV-specific CD8" T cells were highly reactive against
EBV antigens [52], suggesting that the primary role of these Trm cells could be to prevent or
limit the viral replication at these sites. This strategic positioning of EBV-specific Trm cells is
reminiscent of herpes simplex virus (HSV)-specific Trm cells in human skin. A recent study
has demonstrated that similar persistence of HSV-specific CD8" Trm cells at sites of viral reac-
tivation is crucial for the containment of the virus [33]. Therefore the fact that EBV reactiva-
tion is often asymptomatic or sub-clinical could be largely due to this effective control at the
sites where the virus reactivates.

Materials and Methods
Human tissues and blood samples

Buffy coats from healthy blood donors along with spleens and paired blood samples from
cadaveric organ donors were obtained from the Australian Red Cross Blood Services. Tonsils
were obtained from patients undergoing routine tonsillectomy. Spleen and tonsil specimens
were disaggregated to single-cell suspensions and the mononuclear cells were isolated using the
standard Ficoll separation method. Cells were either used fresh or cryopreserved in liquid
nitrogen for later work. All human experiments were approved by jurisdictional ethics com-
mittees in Sydney as well as the institutional review boards.
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Ethics statement

Approval for this study was obtained from human ethics committees of the Royal Price Alfred
Hospital, St Vincent’s hospital and Sydney South West Area Health Services (Australia).
Informed written consent was obtained from next of kin.

Flow cytometry analysis

Mononuclear cells from blood, spleen and tonsils were stained with fluorochrome-conjugated
antibodies (mAbs) specific for cell surface proteins. The following mAbs were used for identifi-
cation of CD8+ T cells and the determination of their phenotype; anti-CD3, anti-CD8 (Biole-
gend), anti-CCR7 (R&D Systems), anti-CD45RA (BD Biosciences), anti-CD69, anti-CD25,
anti-CD137, anti-HLA-DR, anti-CD103, anti-KLRG-1 and anti-CD11a (all obtained from Bio-
legend). Fluorochrome-conjugated HLA class I dextramers (Immudex) were used to identify
virus-specific CD8+ T cells. EBV-specific CD8+ T cells were identified with dextramers specific
for the following viral epitopes; GLCTLVAML (derived from EBV-lytic protein BMLF1),
CLGGLLTMV (derived from EBV-latent protein LMP2), RAKFKQLL (derived from EBV-
lytic protein BZLF1) and FLRGRAYGL (derived from EBV-latent protein EBNA3A). CMV-
specific CD8+ T cells were identified with dextramers specific for the following viral epitopes;
NLVPMVATYV, TPRVTGGGAM, RPHERNGFTV (all derived from pp65 protein),
VLEETSVML, ELRRKMMYM, ELKRKMMYM (all derived from IE-1 protein) and
VTEHDTLLY (derived from pp50 protein). Stained cells were analyzed on either FACSCanto
IT or LSRFortessa flow cytometer (BD Biosciences) and the data processed using Flow]Jo soft-
ware (Treestar, Ashland, USA).

Quantitative PCR analysis

RNA was isolated immediately after ex vivo purification of T cells or from cells after 7 days of
culture using RNeasy kit (Qiagen). Total RNA was then reverse transcribed with oligo-dT.
For BCL2, the following Real-time PCR primer set was used; forward, 5’-ttgacagaggatcatgctg-
tactt— 3’ and reverse, 5’-atctttatttcatgaggcacgtt- 3’. Q-PCR was performed with assorted com-
mercially available Taqman assays (Hs00824723_m1, Hs00984230_m1, Hs02800695_ml],
Hs00173499_m1, Hs00360439_g1) and Tagman Fast Advanced Mastermix on a StepOnePlus
Real-Time PCR cycler (Life Technologies). The threshold cycle of SIPR1 and KLF2 for each
cell population was normalized to the arithmetic mean of HPRT, B2M and UBC housekeeping
genes (ACt). Normalized gene expression of each cell type was compared to the gene expres-
sion of a reference population with expression set to 1 according to the 20*4“™ method.

Immunohistochemistry

Frozen sections of the tonsils and spleens were acetone-fixed and stained for different mark-
ers with mAbs using standard protocols [25]. The following primary mAbs were used to iden-
tify lymphocytes, anti-CD8 (Abcam), anti-CD3 (Biolegend/ AbD Serotec) (to reveal CD8+ T
cells) and anti-IgM (Life technologies) (to reveal B cells). The expression of CD69 and CD103
was identified using purified, flurophore-conjugated or biotin-conjugated anti-CD69 mAb
(BioLegend) and anti-CD103 mAbs (BD Biosciences). The presence of IL-15 producing cells
was determined using anti-IL-15 mAb (Abcam). The following secondary antibodies were
used to reveal specific staining; affinity purified F(ab’), fragments of AF647 or AF488 or
Cy™3 conjugated donkey anti-mouse IgG and Cy"™3 conjugated donkey anti-rabbit IgG (all
obtained from Jackson ImmunoResearch). Control antibodies or secondary mAbs in the
absence of primary mAbs were used to determine background fluorescent levels. Images were
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acquired using Delta Vision Personal (Olympus) or Zeiss LSM700 microscope and analysed
Imaris software (Bitplane).

Cell isolation and in vitro cytokine stimulation

CD8" T cells were isolated from PBMCs using magnetic separation kit (Dynal). Isolated cells
or total PBMCs were cultured for 7 days in the presence of cytokines (50 ng/ml of IL-15, IFN-
o, IFN-B, TGF-f and 50 U/ml of IL-2) or with T cell activation and expansion beads (TAE;
anti-CD3/CD28/CD2 mAb micro beards, Miltenyi Biotech; Polyclonal stimulation). Different
doses of IL-15 (1, 10 or 50 ng/ml) were used for stimulation of virus-specific CD8" T cells. For
experiments where T cell proliferation was measured, 1-2 x 10° purified CD8+ T cells were
labeled with CellTrace Violet (CTV; Invitrogen) prior to cell culture. The proliferative history
was determined based on the dilution of CTV of the T cells after stimulation.

Migration assay

Sorted CD69" and CD69~ CD8" T cells were washed in RPMI with 0.05% fatty-acid-free BSA
(Sigma) and tested for transmigration across gelatin coated 5 pm transwell filters (Corning) for
4 hours to Shingosine-1-phosphate (S1P) (Sigma) or CCL5 (R&D Systems). Migrated cell
numbers were enumerated by flow cytometry.

Supporting Information

S1 Fig. CD69 expression is maintained during IL-15-induced proliferation. (A) Flow
cytometry plots show the expression of CD69 and CT'V following culture of splenic CD8+ T
cells with either TAE beads (polyclonal stimulation) or IL-15 for 7 days. (B) Plots show the rel-
ative expression of SIPRI (left panel) and KLF2 (right panel) in CD69" CD8" T cells following
culture for 7 days with no stimulation or stimulation with IL-2 with and without TGF-p. Puri-
fied circulating CD8" T cells were cultured for 7 days and the resulting CD69" populations
were purified by cell sorting. The expression levels of KLF2 and SIPRI were quantified by
RT-PCR. Individual dots represent different samples and the data is represented as the

mean = SEM.

(TIF)

Acknowledgments

We thank Prof. Jonathan Sprent and Prof. Wolfgang Weninger for critical review of this manu-
script. We thank the staff of the Advanced Cytometry Facility for FACS sorting and Dr. Kris-
tina Jahn for help with microscopy.

Author Contributions

Conceived and designed the experiments: UP TG.

Performed the experiments: HGW ABr Abe JL CS JE ADH.

Analyzed the data: HW ABr FS TG UP.

Contributed reagents/materials/analysis tools: SGT ME CS RK.

Wrote the paper: CGF ABR WJB TG UP.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005799 August 19, 2016 16/19


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005799.s001

@’PLOS | PATHOGENS

Resident Memory T Cells in Human Secondary Lymphoid Organs

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Carbone FR. Tissue-Resident Memory T Cells and Fixed Immune Surveillance in Nonlymphoid
Organs. J Immunol. 2015; 195: 17-22. doi: 10.4049/jimmunol.1500515 PMID: 26092813

Schenkel JM, Masopust D. Tissue-Resident Memory T Cells. Immunity. Elsevier Inc.; 2014; 41: 886—
897.

Shin H, lwasaki A. Tissue-resident memory T cells. Immunol Rev. 2013; 255: 165-81. doi: 10.1111/imr.
12087 PMID: 23947354

Bevan MJ. Memory T cells as an occupying force. Eur J Immunol. 2011; 41: 1192-5. doi: 10.1002/eji.
201041377 PMID: 21469134

Clark RA. Resident memory T cells in human health and disease. Sci Transl Med. United States; 2015;
7:269rv1.

Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR. Memory T cells in nonlym-
phoid tissue that provide enhanced local immunity during infection with herpes simplex virus. Nat
Immunol. 2009; 10: 524-30. doi: 10.1038/ni.1718 PMID: 19305395

Wakim LM, Woodward-davis A, Bevan MJ. Memory T cells persisting within the brain after local infec-
tion show functional adaptations to their tissue of residence. Proc Natl Acad Sci U S A. 2010; 107:
17872-79. doi: 10.1073/pnas.1010201107 PMID: 20923878

Hofmann M, Pircher H. E-cadherin promotes accumulation of a unique memory CD8 T-cell population
in murine salivary glands. Proc Natl Acad Sci U S A. 2011; 108: 16741-6. doi: 10.1073/pnas.
1107200108 PMID: 21930933

Casey K a, Fraser K a, Schenkel JM, Moran A, Abt MC, Beura LK, et al. Antigen-independent differenti-
ation and maintenance of effector-like resident memory T cells in tissues. J Immunol. 2012; 188: 4866—
75. doi: 10.4049/jimmunol.1200402 PMID: 22504644

Schenkel JM, Fraser K a, Masopust D. Cutting Edge: Resident Memory CD8 T Cells Occupy Frontline
Niches in Secondary Lymphoid Organs. J Immunol. 2014.

Jiang X, Clark R a, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS. Skin infection generates non-migra-
tory memory CD8+ T(RM) cells providing global skin immunity. Nature. Nature Publishing Group; 2012;
483:227-31.

Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN, et al. Long-lived epithelial immunity by
tissue-resident memory T (TRM) cells in the absence of persisting local antigen presentation. Proc Natl
Acad Sci U S A. 2012; 109: 7037-42. doi: 10.1073/pnas.1202288109 PMID: 22509047

Shin H, Iwasaki A. A vaccine strategy that protects against genital herpes by establishing local memory
T cells. Nature. Nature Publishing Group; 2012; 491: 463—7.

Teijaro JR, Turner D, Pham Q, Wherry EJ, Lefrangois L, Farber DL. Cutting edge: Tissue-retentive lung
memory CD4 T cells mediate optimal protection to respiratory virus infection. J Immunol. 2011; 187:
5510—4. doi: 10.4049/jimmunol.1102243 PMID: 22058417

Wu T, HuY, Lee Y-T, Bouchard KR, Benechet A, Khanna K, et al. Lung-resident memory CD8 T cells
(TRM) are indispensable for optimal cross-protection against pulmonary virus infection. J Leukoc Biol.
2013;95: 1-10.

Sheridan BS, Pham Q-M, Lee Y-T, Cauley LS, Puddington L, Lefrangois L. Oral Infection Drives a Dis-
tinct Population of Intestinal Resident Memory CD8(+) T Cells with Enhanced Protective Function.
Immunity. 2014; 1-11.

Schwab SR, Cyster JG. Finding a way out: lymphocyte egress from lymphoid organs. Nat Immunol.
2007; 8: 1295-301. doi: 10.1038/ni1545 PMID: 18026082

Skon CN, Lee J-Y, Anderson KG, Masopust D, Hogquist K a, Jameson SC. Transcriptional downregu-
lation of S1pr1 is required for the establishment of resident memory CD8+ T cells. Nat Immunol. Nature
Publishing Group; 2013; 14: 1285-93.

Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon M-L, et al. The developmental pathway
for CD103(+)CD8(+) tissue-resident memory T cells of skin. Nat Immunol. Nature Publishing Group;
2013; 14: 1294-301.

Carlson CM, Endrizzi BT, Wu J, Ding X, Weinreich M a, Walsh ER, et al. Kruppel-like factor 2 regulates
thymocyte and T-cell migration. Nature. 2006; 442: 299-302. PMID: 16855590

Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, et al. CD69 acts downstream of interferon-
alpha/beta to inhibit S1P1 and lymphocyte egress from lymphoid organs. Nature. 2006; 440: 540—4.
PMID: 16525420

Pham THM, Okada T, Matloubian M, Lo CG, Cyster JG. S1P1 receptor signaling overrides retention
mediated by G alpha i-coupled receptors to promote T cell egress. Immunity. 2008; 28: 122-33. doi: 10.
1016/j.immuni.2007.11.017 PMID: 18164221

PLOS Pathogens | DOI:10.1371/journal.ppat.1005799 August 19, 2016 17/19


http://dx.doi.org/10.4049/jimmunol.1500515
http://www.ncbi.nlm.nih.gov/pubmed/26092813
http://dx.doi.org/10.1111/imr.12087
http://dx.doi.org/10.1111/imr.12087
http://www.ncbi.nlm.nih.gov/pubmed/23947354
http://dx.doi.org/10.1002/eji.201041377
http://dx.doi.org/10.1002/eji.201041377
http://www.ncbi.nlm.nih.gov/pubmed/21469134
http://dx.doi.org/10.1038/ni.1718
http://www.ncbi.nlm.nih.gov/pubmed/19305395
http://dx.doi.org/10.1073/pnas.1010201107
http://www.ncbi.nlm.nih.gov/pubmed/20923878
http://dx.doi.org/10.1073/pnas.1107200108
http://dx.doi.org/10.1073/pnas.1107200108
http://www.ncbi.nlm.nih.gov/pubmed/21930933
http://dx.doi.org/10.4049/jimmunol.1200402
http://www.ncbi.nlm.nih.gov/pubmed/22504644
http://dx.doi.org/10.1073/pnas.1202288109
http://www.ncbi.nlm.nih.gov/pubmed/22509047
http://dx.doi.org/10.4049/jimmunol.1102243
http://www.ncbi.nlm.nih.gov/pubmed/22058417
http://dx.doi.org/10.1038/ni1545
http://www.ncbi.nlm.nih.gov/pubmed/18026082
http://www.ncbi.nlm.nih.gov/pubmed/16855590
http://www.ncbi.nlm.nih.gov/pubmed/16525420
http://dx.doi.org/10.1016/j.immuni.2007.11.017
http://dx.doi.org/10.1016/j.immuni.2007.11.017
http://www.ncbi.nlm.nih.gov/pubmed/18164221

@’PLOS | PATHOGENS

Resident Memory T Cells in Human Secondary Lymphoid Organs

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

Mackay LK, Braun a., Macleod BL, Collins N, Tebartz C, Bedoui S, et al. Cutting Edge: CD69 Interfer-
ence with Sphingosine-1-Phosphate Receptor Function Regulates Peripheral T Cell Retention. J
Immunol. 2015; 6-11.

Cepek KL, Parker CM, Madara JL, Brenner MB. Integrin alpha E beta 7 mediates adhesion of T lympho-
cytes to epithelial cells. J Immunol. 1993; 150: 3459-3470. PMID: 8468482

Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, Heath WR, et al. Different patterns of periph-
eral migration by memory CD4+ and CD8+ T cells. Nature. Nature Publishing Group; 2011; 477: 216—
9.

Wakim LM, Woodward-Davis A, Liu R, Hu Y, Villadangos J, Smyth G, et al. The molecular signature of
tissue resident memory CD8 T cells isolated from the brain. J Immunol. 2012; 189: 3462—71. PMID:
22922816

Bergsbaken T, Bevan MJ. Proinflammatory microenvironments within the intestine regulate the differ-
entiation of tissue-resident CD8+ T cells responding to infection. Nat Immunol. 2015;

Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome JJC, et al. Distribution and Compart-
mentalization of Human Circulating and Tissue-Resident Memory T Cell Subsets. Immunity. 2013; 1-
11.

Clark R a., Watanabe R, Teague JE, Schlapbach C, Tawa MC, Adams N, et al. Skin Effector Memory T
Cells Do Not Recirculate and Provide Immune Protection in Alemtuzumab-Treated CTCL Patients. Sci
Transl Med. 2012; 4.

Thome JJC, Yudanin N, Ohmura Y, Kubota M, Grinshpun B, Sathaliyawala T, et al. Spatial Map of
Human T Cell Compartmentalization and Maintenance over Decades of Life. Cell. Elsevier Inc.; 2014;
159: 814-828.

Purwar R, Campbell J, Murphy G, Richards WG, Clark R a, Kupper TS. Resident memory T cells (T
(RM)) are abundant in human lung: diversity, function, and antigen specificity. PLoS One. 2011; 6.

Booth JS, Toapanta FR, Salerno-Goncalves R, Patil S, Kader H a., Safta AM, et al. Characterization
and functional properties of gastric tissue-resident memory T cells from children, adults, and the elderly.
Front Immunol. 2014; 5: 1-15.

Zhu J, Peng T, Johnston C, Phasouk K, Kask AS, Klock A, et al. Immune surveillance by CD8aa+ skin-
resident T cells in human herpes virus infection. Nature. 2013; 497: 494—497. doi: 10.1038/
nature12110 PMID: 23657257

Jozwik A, Habibi MS, Paras A, Zhu J, Guvenel A, Dhariwal J, et al. RSV-specific airway resident mem-
ory CD8+ T cells and differential disease severity after experimental human infection. Nat Commun.
2015; 6: 10224. doi: 10.1038/ncomms10224 PMID: 26687547

Crough T, Khanna R. Immunobiology of human cytomegalovirus: from bench to bedside. Clin Microbiol
Rev. 2009; 22: 76—-98. doi: 10.1128/CMR.00034-08 PMID: 19136435

Hislop AD, Taylor GS, Sauce D, Rickinson AB. Cellular responses to viral infection in humans: lessons
from Epstein-Barr virus. Annu Rev Immunol. 2007; 25: 587-617. PMID: 17378764

Thorley-Lawson D a, Gross A. Persistence of the Epstein-Barr virus and the origins of associated lym-
phomas. N Engl J Med. 2004; 350: 1328-37. PMID: 15044644

Grayson JM, Zajac a J, Altman JD, Ahmed R. Cutting edge: increased expression of Bcl-2 in antigen-
specific memory CD8+ T cells. J Immunol. 2000; 164: 3950-4. PMID: 10754284

Watanabe R, Gehad A, Yang C, Scott LL, Teague JE, Schlapbach C, et al. Human skin is protected by
four functionally and phenotypically discrete populations of resident and recirculating memory T cells.
Sci Transl Med. 2015; 7: 279ra39. doi: 10.1126/scitransimed.3010302 PMID: 25787765

Debes GF, Arnold CN, Young AJ, Krautwald S, Lipp M, Hay JB, et al. Chemokine receptor CCR7
required for T lymphocyte exit from peripheral tissues. Nat Immunol. 2005; 6.

Turner DL, Bickham KL, Thome JJ, Kim CY, D’Ovidio F, Wherry EJ, et al. Lung niches for the genera-
tion and maintenance of tissue-resident memory T cells. Mucosal Immunol. 2013.

Cui G, Hara T, Simmons S, Wagatsuma K, Abe a., Miyachi H, et al. Characterization of the IL-15 niche
in primary and secondary lymphoid organs in vivo. Proc Natl Acad Sci. 2014.

Steinert EM, Schenkel JM, Fraser KA, Beura LK, Manlove LS, Igyart6 BZ, et al. Quantifying Memory
CD8 T Cells Reveals Regionalization of Immunosurveillance. Cell. 2015; 161: 737-749. doi: 10.1016/j.
cell.2015.03.031 PMID: 25957682

Takamura S, Roberts AD, Jelley-Gibbs DM, Wittmer ST, Kohlmeier JE, Woodland DL. The route of
priming influences the ability of respiratory virus-specific memory CD8+ T cells to be activated by resid-
ual antigen. J Exp Med. 2010; 207: 1153-60. doi: 10.1084/jem.20090283 PMID: 20457758

Waldmann TA. The Biology of IL-15: Implications for Cancer Therapy and the Treatment of Autoim-
mune Disorders. J Investig Dermatology Symp Proc. Nature Publishing Group; 2013; 16: S28—S30.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005799 August 19, 2016 18/19


http://www.ncbi.nlm.nih.gov/pubmed/8468482
http://www.ncbi.nlm.nih.gov/pubmed/22922816
http://dx.doi.org/10.1038/nature12110
http://dx.doi.org/10.1038/nature12110
http://www.ncbi.nlm.nih.gov/pubmed/23657257
http://dx.doi.org/10.1038/ncomms10224
http://www.ncbi.nlm.nih.gov/pubmed/26687547
http://dx.doi.org/10.1128/CMR.00034-08
http://www.ncbi.nlm.nih.gov/pubmed/19136435
http://www.ncbi.nlm.nih.gov/pubmed/17378764
http://www.ncbi.nlm.nih.gov/pubmed/15044644
http://www.ncbi.nlm.nih.gov/pubmed/10754284
http://dx.doi.org/10.1126/scitranslmed.3010302
http://www.ncbi.nlm.nih.gov/pubmed/25787765
http://dx.doi.org/10.1016/j.cell.2015.03.031
http://dx.doi.org/10.1016/j.cell.2015.03.031
http://www.ncbi.nlm.nih.gov/pubmed/25957682
http://dx.doi.org/10.1084/jem.20090283
http://www.ncbi.nlm.nih.gov/pubmed/20457758

@’PLOS | PATHOGENS

Resident Memory T Cells in Human Secondary Lymphoid Organs

46.

47.

48.

49.

50.

51.

52.

Zhang X, Sun S, Hwang I, Tough DF, Sprent J. Potent and selective stimulation of memory-phenotype
CD8+ T cells in vivo by IL-15. Immunity. 1998; 8: 591-9. PMID: 9620680

Babcock GJ, Decker LL, Volk M, Thorley-Lawson D a. EBV persistence in memory B cells in vivo.
Immunity. 1998; 9: 395-404. PMID: 9768759

Tugizov SM, Berline JW, Palefsky JM. Epstein-Barr virus infection of polarized tongue and nasopharyn-
geal epithelial cells. Nat Med. 2003; 9: 307-314. PMID: 12592401

Yajima M, Imadome K-I, Nakagawa A, Watanabe S, Terashima K, Nakamura H, et al. A new human-
ized mouse model of Epstein-Barr virus infection that reproduces persistent infection, lymphoprolifera-
tive disorder, and cell-mediated and humoral immune responses. J Infect Dis. 2008; 198: 673-82. doi:
10.1086/590502 PMID: 18627269

Palendira U, Rickinson AB. Primary immunodeficiencies and the control of Epstein-Barr virus infection.
Ann N Y Acad Sci. 2015; 1356.

Hislop AD, Kuo M, Drake-Lee AB, Akbar AN, Bergler W, Hammerschmitt N, et al. Tonsillar homing of
Epstein-Barr virus-specific CD8+ T cells and the virus-host balance. J Clin Invest. 2005; 115: 2546—
2555. PMID: 16110323

Woodberry T, Suscovich TJ, Henry LM, August M, Waring MT, Kaur A, et al. Alpha E beta 7 (CD103)

expression identifies a highly active, tonsil-resident effector-memory CTL population. J Immunol. 2005;
175: 4355-4362. PMID: 16177076

PLOS Pathogens | DOI:10.1371/journal.ppat.1005799 August 19, 2016 19/19


http://www.ncbi.nlm.nih.gov/pubmed/9620680
http://www.ncbi.nlm.nih.gov/pubmed/9768759
http://www.ncbi.nlm.nih.gov/pubmed/12592401
http://dx.doi.org/10.1086/590502
http://www.ncbi.nlm.nih.gov/pubmed/18627269
http://www.ncbi.nlm.nih.gov/pubmed/16110323
http://www.ncbi.nlm.nih.gov/pubmed/16177076

