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It is well established that immunization with attenuated malaria sporozoites induces CD8+ T cells that eliminate
parasite-infected hepatocytes. Liver memory CD8+ T cells induced by immunization with parasites undergo a
unique differentiation program and have enhanced expression of CXCR6. Following immunization with ma-
laria parasites, CXCR6-deficient memory CD8+ T cells recovered from the liver display altered cell-surface ex-
pression markers as compared to their wild-type counterparts, but they exhibit normal cytokine secretion and
expression of cytotoxic mediators on a per-cell basis. Most importantly, CXCR6-deficient CD8+ T cells migrate
to the liver normally after immunization with Plasmodium sporozoites or vaccinia virus, but a few weeks later
their numbers severely decrease in this organ, losing their capacity to inhibit malaria parasite development in
the liver. These studies are the first to show that CXCR6 is critical for the development and maintenance of
protective memory CD8+ T cells in the liver.
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CD8+ T-cell responses represent a major mechanism of
immune protection against intracellular infections
caused by viruses, bacteria and parasites. These T-cell
responses are induced by natural exposure to infectious
pathogens or vaccination, and while their protective effi-
cacy is well-recognized, the development of robust CD8+

T-cell responses is still not an integral part of most vac-
cine development programs. In part, this is due to signif-
icant knowledge gaps regarding the biology of these
T-cell responses and the mechanisms involved in the
maintenance of long-term protective memory responses.

CD8+ T cells play a significant protective role in a
number of infections affecting the liver, such as viral
hepatitis, listeriosis, and malaria. Numerous studies in
experimental models and humans have clearly shown
that CD8+ T cells specific for antigens expressed by
Plasmodium parasites during the liver stages are an
important component of the antiparasite immune
response induced after immunization with radiation-
attenuated malaria sporozoites (γ-spz) [1, 2]. Immuni-
zation with sporozoites through mosquito bites or
intradermal injection induces CD8+ T-cell responses
in the skin-draining lymph nodes [3]. After priming,
activated CD8+ T cells migrate to the liver, where they
develop a memory transcriptional signature that is uni-
que, compared with that of splenic memory cells; in
particular, these cells have increased expression of the
chemokine receptors CXCR3 and CXCR6, as well as
differences in expression of the transcription factor
Eomes and cell cycle genes, such as Ki67 [4]. These
liver-homing antigen-specific memory CD8+ T cells
are capable of recognizing parasite antigen presented
by hepatocytes [5] and eliminating Plasmodium-infected
cells [6].

Received 11 March 2014; accepted 29 April 2014; electronically published 13
May 2014.

Presented in part: Malaria Keystone Symposia, New Orleans, Louisiana, January
2013.

aPresent affiliation: Program in Cellular and Molecular Medicine of Children’s
Hospital Boston, Harvard Medical School, Boston, Massachusetts.

Correspondence: Fidel Zavala, MD, Department of Molecular Microbiology
and Immunology, Bloomberg School of Public Health, Johns Hopkins University,
615 N Wolfe St, Baltimore, MD 21205 (fzavala@jhsph.edu).

The Journal of Infectious Diseases® 2014;210:1508–16
© The Author 2014. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.
DOI: 10.1093/infdis/jiu281

1508 • JID 2014:210 (1 November) • Tse et al

mailto:fzavala@jhsph.edu
mailto:journals.permissions@oup.com


A critical feature of effector and memory CD8+ T cells is their
capacity to migrate and establish residency in nonlymphoid tis-
sues. After priming, CD8+ T cells upregulate distinct homing
receptors, which direct their migration to different anatomical
locations, where they confer protective immunity against infec-
tious pathogens [7–9]. The chemokine receptors CCR4 and
CCR10 are highly expressed on skin-homing memory T cells
[10], while most T cells homing to intestinal sites express the
integrin α4β7 [11, 12] and CCR9 [13, 14]. It is also known
that the integrin CD103 (αE) is critical for establishing T-cell
residence in the skin [9], gut [15], and brain [16]. The molecules
required for homing to the liver are less well characterized. Our
microarray data showing upregulation of CXCR3 and CXCR6
on antigen-specific CD8+ T cells in the liver suggest that these
may be likely candidates, while CCR5 has also been implicated
in T-cell trafficking to the liver [17]. In support of possible roles
for these 3 chemokine receptors in homing to the liver, all
3 have been observed to be upregulated in liver-infiltrating lym-
phocytes in hepatitis C virus–infected patients [18]. Moreover,
in functional studies with murine cytomegalovirus Cxcr3−/− ef-
fector CD8+ T cells were found to be defective in homing to the
liver, while CCR5 is associated with hepatic graft-versus-host
disease (GVHD). While CXCR6 has been implicated in the
migration of CD8+ T cells to the liver in a GVHD model
[19], it is also highly expressed on natural killer T cells (NKT
cells), which are preferentially enriched in the liver. Indeed
mice lacking CXCR6 have fewer NKT cells in their livers, indi-
cating an important role for CXCR6 in the liver-homing of
thymic NKT cells [20].

In view of the role that CCR5, CXCR3, and CXCR6 appear to
play in these models and of our recent findings indicating that
liver-resident CD8+ T cells against malaria parasites display in-
creased expression of some of these chemokine receptors [4], we
investigated the contribution of these receptors in the recruit-
ment and retention of protective CD8+ T cells in the liver of
mice immunized with γ-spz.

MATERIALS AND METHODS

Mice
C57Bl/6 mice aged 5–8 weeks were purchased from the National
Cancer Institute (Frederick, MD). Ccr5−/− (N10) and Cxcr6−/−

(N10) [21, 22] were purchased from Jackson Laboratory (Bar
Harbor, ME). Cxcr3−/− mice were obtained from Dr Craig Mor-
rell [23]. OT-1 (SIINFEKL-specific TCR) transgenic mice were
obtained from Dr David Sacks (National Institute of Allergy
and Infectious Diseases, Bethesda, MD). Cxcr6−/− mice were
bred with OT-1 (CD45.1+) mice to generate Cxcr6−/− OT-1
transgenic mice. Age-and sex-matched Cxcr6+/− mice were
used as recipient mice in adoptive transfer experiments. All
mice were housed and bred in the animal facility at Johns Hop-
kins University. Experiments involving mice were approved by

the Institutional Animal Care and Use Committee of Johns
Hopkins University.

Parasites, Immunizations, Quantification of Parasite Burden,
and Adoptive Transfer
The generation of Plasmodium berghei CS5M parasites and irra-
diation and immunization of mice was performed as described
elsewhere [5]. Quantification of liver-stage parasites was per-
formed as previously described [24]. For immunization with
vaccinia-OVA, mice were given 2 × 106 plaque-forming units
(PFU) of virus intravenously following adoptive transfer of
OT-I, as described elsewhere [5]. Adoptive transfer of T cells
was performed by intravenous injection of 5000 TCR-transgenic
Cxcr6+/− (CXCR6+) or Cxcr6−/− (CXCR6−) OT-I cells T cells
(CD45.1+) from spleen into naive CD45.2+ Cxcr6+/− heterozy-
gous C57Bl6 recipients. For the in vivo homing assay, mice that
received naive CXCR6+ or CXCR6− OT-I were subsequently
immunized with 1 × 105 γ-spz or 2 × 106 PFU rVV-OVA. Be-
tween 6 and 8 days after immunization, spleens were harvested,
and numbers of CD45.1+ OT-I were estimated by flow cytom-
etry with anti-CD45.1 and anti-CD8 antibodies. Equal numbers
of OT-I CD8+ T cells (approximately 0.5 × 106) were then adop-
tively transferred to naive CD45.2+ recipient mice. Twenty
hours after transfer, spleen and liver were excised, and the num-
bers of donor CD8+CD45.1+ cells in these organs were deter-
mined by flow cytometry.

Lymphocyte Isolation and Ex Vivo Stimulation
Tissues were harvested on day 3–90 after immunization as in-
dicated. Lymphocytes were isolated as described previously
[25]. In brief, liver was perfused with Hank’s balanced salt sol-
ution (HBSS), homogenized, and resuspended in 35% Percoll
gradient (GE Healthcare). Lungs were treated with collagenase
II (1 mg/mL) at 37°C for 30 minutes, followed by Percoll gradi-
ent as described above. Lymphocytes were cocultured with El4
cells pulsed with or without SIINFEKL peptide (10 µg/mL) for
4 hours at 37°C in the presence of brefeldin A and monensin.
Intracellular staining was performed using Cytofix/perm kit
(BD Biosciences).

Antibodies and Flow Cytometry
H2-Kb/SIINFEKL tetramer was generated in house. Antibodies
were purchased from eBioscience or BD unless stated otherwise:
PE-, PE-Cy7–, or APC-conjugated CD45.1 (A20); PE-Cy7–
conjugated CD8 (53–6.7) and interferon γ (IFN-γ; XMG1.2),
PE-conjugated CXCR6 (R and D), CCR5 (HM-CCR5 [7A4]),
CD127 (A7R34), and CD25 (PC61.5); APC-conjugated CXCR3
(CXCR3-173), KLRG1 (2F1), and interleukin 2 (IL-2; ES6-5H4);
and Pacific blue–conjugated tumor necrosis factor α (TNF-a;
MP6-XT22). PE-conjugated BCL-2 (BD Biosciences) was per-
formed using FoxP3 buffer set (eBioscience). All experiments
were performed on a FACSCalibur or LSRII flow cytometer (BD).
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Figure 1. Expression of chemokine receptors on antigen-specific memory CD8+ T cells after irradiated sporozoite immunization. A, Naive CD45.1+ OT-I
were adoptively transferred to C57BL/6 recipient mice 1 day prior to immunization with γ-spz. Representative histograms showing the expression of CXCR3,
CCR5, and CXCR6 gated on memory OT-I cells 1 month after immunization. B–D, Ccr5−/− (B), Cxcr3−/− (C), and Cxcr6−/− (D) mice were immunized, and total
numbers of tetramer+ cells were determined 1 month after immunization. E, Number of interferon γ–expressing cells determined by ex vivo stimulation with
SIINFEKL peptide (10 μg/mL) in spleen and liver of immunized Cxcr6+/− and Cxcr6−/− mice. Data shown are results from 1 experiment, which are repre-
sentative of 2 independent experiments (n = 3–4 per group). Error bars show mean ± standard error of the mean. **P < .01. Abbreviations: IFN-γ, interferon
γ; NS, not significant; WT, wild type.
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BrdU Staining
Immunized mice were injected with 1.5 mg BrdU (Sigma-
Aldrich) intraperitoneally daily for 10 days. BrdU+ cells were
detected using a PE-conjugated BrdU flow kit (BD Biosciences).

Data Analysis
Fluorescence-activated cell sorting data were analyzed using
FlowJo software (TreeStar). Unless otherwise stated, statistical
analysis was performed using Prism 4 software (GraphPad Soft-
ware) by 2-tailed Student t tests. Significant level was set to an α

of 0.05.

RESULTS

CXCR6 Contributes to Memory CD8+ T-Cell Development
and Maintenance in the Liver
To investigate the potential roles of CCR5, CXCR3, and CXCR6
in the establishment of liver-homing CD8+ T-cell populations,
we examined the expression of these receptors in liver-stage-
specific CD8+ T cells. In these experiments, we used P. berghei
CS5M, a P. berghei strain, which we have described previously, in
which the native H-2Kd–restricted epitope SYPSAEKI from the
circumsporozoite protein was substituted with the H-2Kb–

restricted epitope SIINFEKL. Importantly, these parasites can
prime SIINFEKL-specific CD8+ T cells including OT-I TCR
transgenic CD8+ T cells, and the insertion of the SIINFEKL
epitope does not affect parasite growth or development [5].

To examine the expression of these chemokine receptors on
antigen-specific CD8+ T cells, we transferred a low number of
naive CD45.1+ OT-I cells into CD45.2+ recipient mice prior to
immunization with γ-spz. One month after immunization,
memory CD8+ T cells were obtained from spleen and liver to
compare the expression of chemokine receptors in SIINFEKL-
Tetramer+ (Tet+) CD8+ T cells. We found that spleen or liver
memory cells did not differ regarding the expression of
CCR5, but the expression of CXCR3 and CXCR6 on memory
CD8+ T cells residing in the liver was consistently higher than
that observed in spleen memory CD8+ T cells (Figure 1A).
These results confirm previous findings that we obtained fol-
lowing immunization of H2-Kd mice with the related parasite
Plasmodium yoelii [4].

Taking advantage of the fact that a range of chemokine-
receptor-knockout mice are available on the H2-Kb (C57Bl/6)
background, we investigated the possible role of CCR5,
CXCR3, or CXCR6 in the development of memory CD8+

T cells specific for P. berghei CS5M in the spleen and liver,
using mice lacking these chemokine receptors. We found that
the endogenous SIINFEKL-specific CD8+ T-cell response in the
spleen and liver of immunized mice was not significantly differ-
ent between wild-type and CCR5- and CXCR3-deficient mice
(Figure 1B and 1C). In contrast, we observed a major reduction
in both the total numbers of SIINFEKL-tetramer–positive cells,

as well as the number of IFN-γ–producing SIINFEKL-specific
CD8+ T cells in the livers of CXCR6-deficient mice, as com-
pared to wild-type mice (Figure 1D and 1E ) or heterozygous
Cxcr6+/− mice (Supplementary Figure 1).

Figure 2. Expression of CXCR6 on CD8+ T cells is critical for the estab-
lishment of a memory population in the liver. A, Schematics of the exper-
imental design, of which naive CXCR6+ or CXCR6− CD45.1+ OT-I cells were
adoptively transferred to Cxcr6+/− C57BL/6 recipients prior to immunization
with γ-spz. B and C, Representative fluorescence-activated cell sorting
plots gated on total lymphocytes (B) and total numbers of OT-I cells in
spleen, lungs, and liver of mice receiving CXCR6+ OT-I or CXCR6-OT-I
cells on day 25 after immunization (C). Data shown are results from 1 ex-
periment, which are representative of 6 independent experiments with 3–4
mice per group. Data are mean ± standard error of the mean. **P < .01.
Abbreviation: NS, not significant.
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CXCR6 Is Critical to Establish Memory CD8+ T Cells in the Liver
The results described above suggested a role for CXCR6 in estab-
lishing memory CD8+ T-cell populations in the liver. To further
characterize these findings and to determine whether the de-
creased number in memory cells in the liver depended on the ex-
pression of this chemokine receptor on T cells, we backcrossed
our SIINFEKL-specific OT-I mice to the Cxcr6−/− mice. We
then transferred low numbers of naive OT-I, Cxcr6−/− cells car-
rying the congenic marker CD45.1 to CD45.2 Cxcr6+/− recipients
prior to immunization with γ-spz. Control mice were treated
identically except they received Cxcr6+/− OT-I cells. We used
Cxcr6+/−mice as recipients instead of wild-type C57Bl/6mice be-
cause the gene targeting of Cxcr6 includes the insertion of en-
hanced green fluorescent protein (eGFP) in this locus, and we
wished to avoid possible allogenic rejection of eGFP+ transferred
cells in wild-type animals. Therefore, transferred Cxcr6−/− cells
are hereafter referred to as CXCR6−, and Cxcr6+/− cells are re-
ferred to as CXCR6+. Consistent with the results obtained in Fig-
ure 1D, when compared to the response developed by CXCR6+

CD8+ cells, the number of CXCR6− CD8+ cells present in the
liver 25 days after immunization is significantly reduced (Fig-
ure 2B and 2C). Similar results were observed 3 months after im-
munization (data not shown). This defect in memory formation
appeared to be liver specific as the numbers of memory CXCR6−

cells recovered from spleen and lungs were comparable to those
found with CXCR6+ cells. These experiments recapitulate results
obtained in Cxcr6−/− animals (Figure 1D and 1E) and are partic-
ularly stringent as we are comparing knockouts to heterozygous
rather than wild-type controls.

Cxcr6−/− CD8+ T Cells Undergo Normal Priming and Initial
Expansion in Tissues
To identify the causes underlying the reduction numbers of
memory CXCR6− CD8+ T cells in the liver, we performed
experiments to determine whether this was the result of an
ineffective CD8+ T-cell priming, reduced homing to the liver,
or a defect in homeostatic proliferation in the liver. For this
purpose, we performed experiments similar to those described
in Figure 2A, in which naive CD45.1+CXCR6+ or CXCR6−OT-1
cells were transferred to CXCR6+ CD45.2+ recipients, which
were subsequently immunized intradermally with γ-spz. The
induction of CD8+ T cells was evaluated 3 days after immuni-
zation, and we found similar numbers of primed CXCR6+ or
CXCR6− OT-1 cells in the skin-draining lymph node (SDLN)
and spleen (Figure 3A). Similarly, on day 9 after immunization,
we found no significant differences in the number of effector
OT-I CXCR6+ or CXCR6− CD8+ T cells present in the spleen,
lungs, or liver of immunized animals (Figure 3B). These results
clearly indicate that priming of activated CD8+ T cells was not
impaired in the absence of CXCR6, and, in addition, they sug-
gest that the early liver migration of activated T cells is not
affected. This apparently normal migration to the liver was

confirmed in experiments using an in vivo homing assay, in
which equal numbers of CXCR6+ or CXCR6− primed OT-I
cells were transferred to naive mice and the number of cells hom-
ing to this organ evaluated 20 hours later. As shown in Figure 3C,
we found similar numbers of CXCR6+ or CXCR6− cells in both
the liver and spleen of recipient mice, indicating that the reduc-
tion in liver-resident memory is not likely caused by a defect in
liver-homing of primed CD8+ T cells. Finally, we determined that
CXCR6 deficient memory T cells in the spleen and liver display a
normal homeostatic proliferation as indicated by their BrdU in-
corporation one month after immunization (Figure 3D). Taken
together, these results indicate that CXCR6 deficiency does not
affect T-cell priming, trafficking, or homeostatic proliferation of
antigen-specific effector CD8+ T cells.

Cxcr6−/− CD8+ T Cells Display Altered Differentiation Markers
Our finding that CXCR6 was not apparently important for
homing to the liver was surprising, given the canonical role of
chemokines and their receptors in migration. However, we next
investigated the hypothesis that CXCR6 may be important for
differentiation into memory in the liver. Functional analysis
of memory cells revealed that CXCR6+ or CXCR6− memory
OT-I cells from the spleen, lungs, or liver produced comparable
amounts of IFN-γ, TNF-α ,and IL-2 (Figure 4A). Similarly, no
differences were detected in the expression of cytolytic mediators
such as perforin (not shown) and granzyme B (Supplementary
Figure 2). However an analysis of surface markers associated
with memory differentiation, including CD62L, CXCR3,
CD127 (IL-7R), KLRG1, and CD27, revealed some striking dif-
ferences between CXCR6− and CXCR6+ malaria-specific liver
CD8+ T cells. Compared with malaria-specific CXCR6+ cells in
the liver, CXCR6− cells had reduced expression of CXCR3 and
were predominantly KLRG1hi—a phenotype that is characteristic
of short-lived effector cells and terminally differentiated T-effec-
tor memory [26, 27]. On the contrary, no major differences were
observed between CXCR6+ and CXCR6− memory OT-I cells in
the spleen. We speculate that effector OT-I lacking CXCR6 may
undergo faster contraction during the acute response and thus
form smaller memory cell populations. In support of this, we ob-
served lower expression of Bcl-2, an antiapoptotic molecule (Fig-
ure 4C) on day 9 in CXCR6− CD8+ cells present in both spleen
and liver. We therefore speculate that effector cells lacking this
chemokine receptor may have an intrinsic survival disadvantage.
This deficiencymay become particularly critical for memory cells
in nonlymphoid organs such as the liver, where there may be a
shortage of the cytokine or chemokine interactions required to
sustain the formation of memory cells.

Vaccine-Induced CXCR6-Deficient Memory CD8+ T Cells Fail
to Inhibit Parasite Development in the Liver
To determine whether the failure of CXCR6− memory CD8+

T cells to establish a large memory population in the liver is a
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Figure 3. CXCR6 is not required during priming, homing, or homeostatic proliferation of CD8+ T cells. A and B, Representative fluorescence-activated cell
sorting plot gated on total lymphocytes and total numbers of OT-I cells recovered from spleen, lung, and liver of immunized mice on day 3 (A) and day 9 (B)
after immunization. C, For the in vivo homing assay, equal number of effector CXCR6+ and CXCR6− OT-I cells were adoptively transferred to naive wild-type
recipients. Twenty hours after adoptive transfer, total numbers of donor cells in spleen and liver in recipient mice were recovered. D, To measure homeo-
static proliferation, mice receiving CXCR6+ or CXCR6− OT-I were immunized with γ-spz. One month later, mice were administered BrdU for 10 days. Per-
centages are of BrdU+ among memory OT-I in spleen and liver. The data are results from 1 experiment, which are representative of 2 (A, C, and D) and 4 (B)
independent experiments with 3–4 mice per group. Data are mean ± standard error of the mean. Abbreviations: dLN, draining lymph node; NS, not sig-
nificant; P. berghei, Plasmodium berghei.

Chemokine Receptors on Malaria CD8+ T cells • JID 2014:210 (1 November) • 1513



unique feature of parasite-induced CD8+ T cells, we immunized
mice with a recombinant vaccinia virus (rVV) expressing SIIN-
FEKL [28]. In this system, mice receiving CXCR6+ or CXCR6−

naive CD8+ OT-1 cells were immunized with rVV, and the
number of CD8+ T cells were evaluated 9 and 25 days after
immunization. We found comparable CD8+ T cells in the
spleen and liver 9 days after immunization (Supplementary Fig-
ure 3), but at day 25 we found a major reduction in the number
of memory cells in the liver of mice receiving CXCR6− CD8+

T cells (Figure 5A), although they maintained their capacity
to produce IFN-γ (Figure 5B), thus reproducing the phenotype
we observed in mice that received CXCR6− cells and were im-
munized with sporozoites.

We took advantage of the fact that CXCR6− OT-I cells were
unable to form a large liver-memory CD8+ T-cell population in
response to rVV, to determine whether the lack of this popula-
tion impaired protection against live Plasmodium parasites.
As rVV immunization generates CD8+ T cells that recognize
P. berghei CS5M–parasitized hepatocytes but does not induce
antiparasite antibodies or CD4+ T cells, this viral system pro-
vided a clean experimental set up to evaluate and compare

the protective capacities of CXCR6+ and CXCR6− CD8+ mem-
ory T cells, in the absence of other protective mechanisms.
When mice receiving naive CXCR6+ or CXCR6− OT-I cells
were immunized with rVV and challenged 7 days later with
live parasites, we observed a substantial inhibition of parasite
development in mice harboring both memory cell types (Fig-
ure 5C). It should be noted that immunization with wild-type
VV has no effect on parasite development, as shown in our pre-
vious studies [29]. In contrast, when mice were challenged with
sporozoites 3 weeks after rVV immunization, the liver parasite
load was reduced only in mice receiving CXCR6+ cells but not
in those receiving CXCR6− cells. These results indicate that
after immunization with VV, CXCR6 is not required during
the early effector phase of the antimalaria response, but it is
essential to establish a long-term protective memory cell popu-
lation in the liver.

DISCUSSION

This present study demonstrates a critical role for CXCR6 in the
maintenance of liver-resident memory CD8+ T cells induced

Figure 4. Functional and phenotypical characterization of CD8+ T cells in the absence of CXCR6. A, Cytokine production in memory CXCR6+ and CXCR6−

OT-I was evaluated after 4-hour ex vivo stimulation with cognate peptide. Data are pooled results of 2 independent experiments. B, Expression of CD62L,
CD127, CD27, KLRG1, and CXCR3 among OT-I in spleen and liver on day 30 after immunization. Data shown are results from 1 experiment, which are
representative of 2 independent experiments. C, Day 9 after immunization with γ-spz, the expression of BCL2 was evaluated among CXCR6+ or
CXCR6− effector OT-I cells, shown as representative histograms (Ci; left) and percentage of BCL2+ (Cii; right) among gated OT-I . Data shown are results
from 1 experiment, which are representative of 2 independent experiments with 3–4 mice per group. Data are mean ± standard error of the mean. *P < .05.
Abbreviations: IFN-γ, interferon γ; IL-2, interleukin 2; TNF-α, tumor necrosis factor α.
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after immunization with infectious pathogens. Our studies
using CXCR6+ and CXCR6− CD8+ T cells show that the expres-
sion of CXCR6 does not appear to be critical for priming CD8+

T cells in lymphoid organs and is not required for homing and
effector function in the liver during the first few days after
immunization. However, we found that CXCR6 is critically re-
quired for the maintenance of long-term memory populations
in the liver, as the number of memory cells and their protective
capacity are drastically reduced as early as 3 weeks after immu-
nization. The requirement for this chemokine receptor appears
to be organ specific, because in the spleen and lungs the num-
bers of CXCR6− memory cells were comparable to those found
for CXCR6+ memory T cells. Importantly, in mice harboring
CXCR6− CD8+ T cells we did not observe increased numbers
of memory cells in the spleen or lungs, indicating that the de-
creased numbers of memory cells in the liver may not result
from a redistribution of liver memory cells into these organs.

Memory CD8+ T cells in the liver play an important role in
controlling the earliest phase of the liver-stage infection by ma-
laria parasites. A number of studies indicate that the antipara-
site activity of CD8+ T cells depends on the direct recognition of
parasite antigen in hepatocytes [3], and upon parasite challenge,
these T cells are poised to provide an immediate antimicrobial
response. Indeed, recent in vivo imaging studies showed that a
few hours after infection, activated T cells form clusters around
parasite-infected hepatocytes [6] and eliminate infected hepato-
cytes via direct recognition, without detectable bystander killing
[30]. Considering that CXCR6+ or CXCR6− memory cells do
not differ with regard to their functional properties, the inability
of CXCR6− memory cells to inhibit parasite development likely
results from the severely decreased numbers of antigen-specific
memory cells in the liver. This is consistent with the observation
that CD8+ T-cell–mediated protection closely depends on the
frequency of antigen-specific memory T cells established before
parasite challenge [31]. In fact, unlike other infectious models,
CD8+ T-cell–mediated inhibition of parasite development in
the liver can only occur during the liver stages (ie, during the
44-hour window after sporozoite challenge and before the estab-
lishment of the blood stages), precluding the possibility that recall
memory responses can develop and confer protection.

While the secretion of cytokines and expression of cytotoxic-
ity mediators such as granzyme B in CXCR6+ and CXCR6− cells
appear to be similar on a per-cell basis, we found altered expres-
sion levels of surface/activation markers in memory CD8+

T cells lacking CXCR6, suggesting that this receptor is involved
in modulating the tissue-specific phenotype on CD8+ T cells in
the liver, as described in a previous study on gut-specific CD8+

T cells [15]. Although both CXCR6+ and CXCR6− effector
CD8+ T cells express similar high levels of KLRG1 immediately
after priming (data not shown), we observed that CXCR6+

memory CD8+ T cells in the liver are mostly KLRG1lo while
CXCR6- memory cells are predominantly KLRG1hi, suggesting
that CXCR6 may participate in the differentiation/survival of
memory CD8+ T cells in the liver. In fact it has been described
in other systems that KLRG1hi is a phenotype associated with
short-lived effector CD8+ T cells and also a marker of terminal
differentiation [26, 27], while KLRGlo cells have been identified
as the precursors of skin-resident memory CD8+ T cells in
herpes simplex virus infection [32].

The studies described in this report indicate that the expres-
sion of CXCR6 on CD8+ T cells is a critical requirement to es-
tablish long-lived memory T-cell populations in the liver. Since
the size and protective capacity of memory populations in the
liver are known to decrease with time, understanding the mech-
anisms by which memory CD8+ T cells are maintained in the
liver should open new avenues of research to develop immuni-
zation strategies aimed at ensuring long-term survival of mem-
ory CD8+ T cells specific for infectious pathogens and resident
in nonlymphoid tissues.

Figure 5. Immunized mice harboring Cxcr6−/− memory CD8+ T cells do
not inhibit the development of Plasmodium liver stages. Total numbers of
OT-I cells in spleen and liver in mice on day 25 after immunization with
recombinant vaccinia virus (rVV). A, Naive Cxcr6+/− or Cxcr6−/− OT-I
were adoptively transferred to recipient mice, which were later immunized
with rVV. B, Percentage of interferon γ (IFN-γ)–expressing cells among
gated CD45.1+ OT-I. C, Seven days or 21 days after rVV immunization,
mice were challenged with live Plasmodium berghei CS5M. Liver parasite
burden was determined by reverse-transcription polymerase chain reaction
40 hours later. Data shown are results from 1 experiment, which are rep-
resentative of 2 independent experiments with 3–5 mice per group. Data
are mean ± standard error of the mean. *P < .05 and **P < .01. Abbrevia-
tions: NS, not significant; rRNA, ribosomal RNA.
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