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Mucosa-associated invariant T (MAIT) cells are a unique T cell subset that contributes
to protective immunity against microbial pathogens, but little is known about the role
of chemokines in recruiting MAIT cells to the site of infection. Pulmonary infection with
Francisella tularensis live vaccine strain (LVS) stimulates the accrual of large numbers
of MAIT cells in the lungs of mice. Using this infection model, we find that MAIT cells
are predominantly CXCR6™ but do not require CXCR6 for accumulation in the lungs.
However, CXCR6 does contribute to long-term retention of MAIT cells in the airway
lumen after clearance of the infection. We also find that MAIT cells are not recruited
from secondary lymphoid organs and largely proliferate in situ in the lungs after infection.
Nevertheless, the only known ligand for CXCR6, CXCL16, is sufficient to drive MAIT cell
accumulation in the lungs in the absence of infection when administered in combination
with the MAIT cell antigen 5-OP-RU. Overall, this new data advances the understanding
of mechanisms that facilitate MAIT cell accumulation and retention in the lungs.
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INTRODUCTION

Mucosa-associated invariant T (MAIT) cells are innate-like T cells that play important
roles in protective immunity against microbial infections (1-5). MAIT cells are
activated by riboflavin-related metabolites presented by the major histocompatibility
complex (MHC) class I related protein (MRI1). Riboflavin-related metabolites such as
5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) are present in many bacteria,
yeast, and plants, but not in mammals and other animals (6-8). Several pathogens such as
Francisella tularensis live vaccine strain (LVS), Legionella longbeachae, and Salmonella typhimurium
BRD509 have been reported to activate MAIT cells in vivo (9-11). MAIT cells have been implicated
in anti-tumor responses and the exacerbation/amelioration of autoimmune diseases, including
diabetes I, multiple sclerosis and gut-associated diseases like colitis (12-14).

Chemokines are differentially expressed in different tissues and inflammatory
microenvironments and guide the homing of specific leukocyte subsets via interactions with
differential cell surface chemokine receptors (15-17). Chemokines play critical roles in immunity
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FIGURE 3 | CXCR6 is not required for MAIT cell accumulation in the lung parenchyma or spleen during F. tularensis LVS intranasal infection but contributes to
long-term retention in the airway lumen (BAL). (A) Representative flow cytometry dot plots showing the percentage of MAIT cells in the lung parenchyma of WT and
(Continued)
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FIGURE 3 | CXCR6~/~ mice on days 10 and 54 after LVS IN infection. MAIT cells are gated on live MR1-5-OP-RU tetramert TCRp+ cells in the lungs. A graphical
representation of the number of MAIT cells in the lung parenchyma is shown. (B) Representative flow cytometry dot plots of the percentage of MAIT cells in the airway
lumen (BAL) of WT and CXCR6~/~ mice on days 10 and 54 after LVS IN infection. MAIT cells are gated on live MR1-5-OP-RU tetramert TCRp* cells in the lungs. A
graphical representation of the number of MAIT cells in the airway lumen is shown (**P < 0.01 as compared to WT mice). (C) Representative flow cytometry dot plots
of the percentage of MAIT cells in the spleen of WT and CXCR6~/~ mice on day 14 after LVS IN infection. MAIT cells are gated on live MR1-5-OP-RU tetramer*
TCRB™ cells in the spleen. A graphical representation of the number of MAIT cells in the spleen is shown. (D) Lungs harvested from LVS-infected WT and CXCR6~/~
mice on day 14 after infection were stimulated in vitro in the presence of PMA and ionomycin. A graphical representation of the percentage of MAIT cells positive for
IFN-y, TNF, and IL-17A is shown. Data are presented as the mean + SEM (n = 5-7) and is representative of at least two independent experiments.

To assess the possibility that other chemokine receptors may have
compensated for the loss of CXCR6 in the CXCR6™/~ mice, we
examined the cell surface expression of a panel of chemokine
receptors on MAIT cells present in the lungs of infected WT
mice and CXCR6~/~ mice. No significant changes were observed
in the proportion of MAIT cells expressing the chemokine
receptors CCR2, CCR4, CCR5, CCR6, CCR9, CXCR3, CXCR4,
and a4B7 in LVS-infected CXCR6™/~ mice as compared to
WT mice (data not shown). Thus, our evidence suggests that
MAIT cell accumulation in the lungs of CXCR6™/~ mice is
not the result of compensation via any of the aforementioned
chemokine receptors.

Although we were unable to detect a difference in the number
of MAIT cells present in the lungs of WT and CXCR6™/~
mice after LVS IN infection, it was possible that the MAIT cells
accumulating in the lungs of the CXCR6 ™/~ mice had functional
deficits. To this end, we compared cytokine production by MAIT
cells in the lungs of LVS-infected WT and CXCR6~/~ mice. No
significant differences were observed in the production of IL-17,
IFN-y, or TNF by MAIT cells obtained from the lungs of LVS-
infected WT and CXCR6~/~ mice (data not shown). Similarly,
no differences in cytokine production were detected by MAIT
cells obtained from the same mice and further stimulated ex
vivo with PMA/ionomycin (Figure 3D). Thus, MAIT cells from
CXCR6~/~ mice do not have obvious deficits in IL-17, IEN-y or
TNF production.

The Majority of MAIT Cells Proliferate in
the Lungs During Pulmonary F. tularensis
LVS Infection

Since we were unable to identify any chemokine receptors that
were likely to promote MAIT cell recruitment to the lungs
during LVS infection, we next determined whether MAIT cells
proliferated in the lungs during pulmonary LVS infection. As
shown in Figure 4A, MAIT cell numbers in the lungs increased
significantly starting on day 6 after LVS infection as compared
to naive mice. To determine whether this increase was the result
of MAIT cell recruitment to the site of infection or in situ
proliferation in the lungs, MAIT cells present in the lungs were
given the opportunity to incorporate bromodeoxyuridine (BrdU)
delivered via the IN route. BrdU is a synthetic nucleoside analog
of thymidine that is only incorporated into actively replicating
cells. BrdU was administered daily days 6-9 after infection,
and BrdUT MAIT cells were assessed in the lungs on day 10.
Approximately 60% of MAIT cells were BrdU™ on day 10 after

infection (Figure 4B), indicating that the majority of these cells
had proliferated in the preceding 4 days.

Since previous studies showed that some of the BrdU delivered
IN to mice travels to the lung-draining lymph nodes (37), it
remained possible that some of the BrdU™ MAIT cells observed
in the lungs had migrated from local lymph nodes. To address
this possibility, we first examined the MAIT cell population
in the mediastinal and cervical lymph nodes on day 10 after
LVS IN infection. Although MAIT cells were a very small
population in the lung-draining lymph nodes (Figure 4C), a
significant proportion of these cells were BrdU" at day 10
(Figure 4D). Therefore, to determine whether MAIT cells located
in the lymph nodes traffic to the lungs during LVS IN infection,
mice were administered the sphingosine-1-phosphate receptor
agonist FTY720. FTY720 (fingolimod) is an FDA-approved
drug for multiple sclerosis that inhibits lymphocyte egress from
the thymus and secondary lymphoid organs (38). Mice were
treated with FTY720 starting on day 2 after LVS IN infection,
before MAIT cells increased significantly in the lungs, and daily
administration was continued until we investigated the numbers
of MAIT cells, CD4™ T cells, and CD8™ T cells in the lungs on day
10. As shown in Figure 4E, the numbers of CD4" and CD8* T
cells were significantly reduced in the lungs of mice administered
FTY720 as compared to control mice, indicating that a large
proportion of these T cells trafficked to the lungs from secondary
lymphoid organs. In contrast, the number of MAIT cells in
the lungs of mice administered FTY720 was not significantly
different from control mice, demonstrating that emigration from
the lymph nodes and other secondary lymphoid organs does
not substantially contribute to the MAIT cell population found
in the lungs during infection. This evidence, coupled with the
high levels of BrdU incorporated by lung MAIT cells after IN
administration, suggest that the majority of MAIT cells in the
lungs during pulmonary infection arise from in situ proliferation
as opposed to trafficking from other sites.

Intranasal Administration of CXCL16 and
5-OP-RU Induces MAIT Cell Accumulation
in the Lungs Under Non-inflammatory
Conditions

Previous studies have shown that intranasal administration
of a TLR agonist (e.g., CpG, Pam;CSKy) and a MAIT cell
activating antigen (e.g., 5-OP-RU) induced robust accumulation
of MAIT cells in the lungs of naive mice (10). In contrast,
intranasal inoculation of a TLR agonist in combination with
the MAIT cell inhibitory antigen Ac-6-FP failed to stimulate

Frontiers in Immunology | www.frontiersin.org

August 2020 | Volume 11 | Article 1773


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Yu et al. The CXCL16/CXCR6 Axis and MAIT Cells

A
1.0x105=
o *kk
c
3 8.0x10°=
E E *kk
g E 6.0x10°+
2 =
E 5
v ‘Et 4.0x10
E * kK
S 2.0x10°+ »
[+) *
[ 0-
0 6 7 8 9 10
Days after infection
TCRp P
B Lung 70
Control BrdU g 604 I Control
i 2 50 s Brdu
2 [
5 ; 40+
® g 304
© + 20+
= =i
T 10+
9]
Brdu Lung LN
D
Lymph node
6-FP 5-OP-RU Control BrdU
S o |
£ 1 £
g g
8! 8
x &
= =
4 H
Brdu
E
CcD8' T CD4* T
1x107= === Control .. A
e FTY720
Control 8x10°+
=]
&
3
- §x10°+ wkk
) 2
E 5.42 3
© 4x10°+
. 3
o =
FTY720 5 2:10°4
k3
x 0~
= MAIT CD8'T CD4'T
TCRp
FIGURE 4 | MAIT cells are not recruited from secondary lymphoid organs and largely proliferate in situ in the lungs during . tularensis LVS pulmonary infection. (A)
Representative flow cytometry dot plots of MAIT cells (gated on live 5-OP-RU MR1 tetramert TCRB* cells) in the lungs of WT mice on days 6-10 after LVS IN
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FIGURE 4 | infection. A graphical representation of the total number of MAIT cells in the lungs is shown (*P < 0.05; ***P < 0.001 as compared to naive mice). (B)
Representative flow cytometry dot plots of MAIT cell incorporation of BrdU in the lungs of WT mice on day 10 after LVS IN infection. Mice were administered BrdU IN
daily on days 6-9 after infection. Control staining was performed using an isotype control Ab on mice that received BrdU. MAIT cells were gated on live 5-OP-RU MR1
tetramert TCRB* cells. This is accompanied by a plot depicting the percentage of MAIT cells in the lungs and draining lymph nodes (LN) that were BrdU* following
staining with anti-BrdU Ab (BrdU) or isotype control Ab (Control). (C) Representative flow cytometry dot plots of MAIT cells in the cervical and mediastinal lymph nodes
of WT mice on day 10 after LVS IN infection. Plots show staining with the negative control MR1 tetramer (6-FP) and the MAIT cell-reactive MR1 tetramer (5-OP-RU) in
total lymph node cells. (D) Representative flow cytometry dot plots of MAIT cell incorporation of BrdU in the lymph nodes on day 10 after LVS IN infection. These dot
plots show BrdU uptake by MAIT cells found in the lymph nodes of mice shown in (B) above. (E) Representative flow cytometry dot plots of MAIT cells, CD4* T cells,
and CD8* T cells in the lungs of WT control mice and mice treated with the sphingosine-1-phosphate agonist FTY720 on days 2-9 after LVS IN infection. The lungs
were harvested on day 10 after infection for flow cytometry analysis. The accompanying panel is a graphical representation of this data (**P < 0.001 as compared to

control). Data are presented as the mean + SEM (n = 3) and are representative of two independent experiments.

MAIT cell accumulation. Further, the TLR agonist and the
MAIT cell antigen were both essential, as administration of
either component individually was not sufficient to increase
MAIT cell numbers in the lungs. TLR agonists are highly
immunostimulatory and thus far it remains unclear which of
the many cytokines and chemokines produced in response to
these agents are sufficient to induce MAIT cell accumulation in
combination with 5-OP-RU.

Although our data show that CXCR6 is not required to
increase MAIT cell numbers in the lungs during the peak
of infection, this does not rule out a redundant role for the
CXCR6/CXCL16 axis in MAIT cell accumulation. Since the
majority of MAIT cells expressed CXCR6, we next sought
to determine whether administration of CXCL16 might be
sufficient to replace the aforementioned TLR agonists in the
promotion of MAIT cell accumulation when combined with
5-OP-RU. To this end, recombinant CXCL16 and 5-OP-RU
were administrated intranasally to naive WT mice on day 1,
and 5-OP-RU alone was administrated intranasally on days
2 and 3. MAIT cell numbers in the lungs on day 7 were
then compared to several different control immunostimulatory
combinations (Figures 5A,B). Consistent with previous research
(10), the TLR2/6 agonist Pam;CSKy + 5-OP-RU dramatically
induced MAIT cell accumulation in the lungs (7.5 £+ 0.1%
of total lung cells). Significant accumulation of MAIT cells
was also observed in mice that received CXCL16 + 5-OP-
RU (3.7 £ 0.7%) on days 1, 2, and 3, but not in those that
received CXCL16 + Ac-6-FP (0.4 + 0.1%) or PBS (0.2 +
0.02%) (Figures 5A,B). Recombinant CCL24 and heat denatured
CXCL16 were used as controls to confirm the role of CXCL16
in the enrichment of MAIT cells. CCL24 binds the chemokine
receptor CCR3, which is crucial for directing migration and
priming of eosinophils and is unlikely to contribute to MAIT cell
trafficking (39). When CCL24 + 5-OP-RU (0.6 &= 0.2%) or heat-
denatured CXCL16 + 5-OP-RU (0.6 & 0.1%) were administrated
intranasally to naive WT mice (Figures 5A,B), no significant
MAIT cell accumulation was observed. Of note, mice treated
with CXCL16 + 5-OP-RU did not exhibit significant differences
in the numbers of conventional CD4" and CD8" T cells or
inflammatory monocytes (Ly6C™ CD11b*) as compared to mice
given PBS (Figure $4). In contrast, mice administered CXCL16
+ 5-OP-RU exhibited significantly more antigen presenting cells
(CD11ct MHCII) as compared to PBS-treated mice, but not
CXCL16 + Ac-6-FP-treated mice, indicating that this effect was
not related to MAIT cell accumulation (Figure S4). Overall, these

data demonstrate that CXCL16 in combination with 5-OP-RU is
sufficient to induce MAIT cell accumulation in vivo.

To assess the ability of CXCL16 and CXCL16 + 5-OP-
RU to stimulate MAIT cell cytokine production, purified
transgenic murine MAIT cells were co-cultured with uninfected
macrophages (for antigen presentation), recombinant CXCL16,
and 5-OP-RU. As shown in Figure5C, 5-OP-RU alone
stimulated MAIT cells to produce multiple cytokines,
including TNE, IL-17A, IL-22, GM-CSE and IFN-y. In
contrast, CXCL16 alone failed to stimulate MAIT cell cytokine
production. MAIT cells stimulated with the combination of
CXCL16 + 5-OP-RU did not exhibit a significant increase
in cytokine production as compared to those treated with
5-OP-RU alone. These data show that MAIT cells respond
to CXCL16 + 5-OP-RU by producing critical cytokines,
but that CXCL16 does not significantly augment the levels
of MAIT cell effector cytokines produced in response to
5-OP-RU alone.

DISCUSSION

The chemokine receptor CXCR6 was originally described as
the HIV and SIV co-receptor (40-42) and is expressed on
NKT cells, a subset of activated T cells, and some NK cells
(43-45). CXCR6 and its ligand CXCL16 have been shown
to mediate homing of lymphocytes to non-lymphoid tissues
as well as NK T cell homeostasis and activation (43, 45—
48). Since several studies have shown that MAIT cells also
express CXCR6 (21, 25), we were interested in determining
its role in MAIT cell trafficking, cytokine production, and
tissue localization.

Using the F. tularensis LVS pulmonary infection model,
we found that the vast majority of MAIT cells in the
lungs expressed CXCR6 during infection. Despite this finding,
CXCR6 was not required for accumulation of MAIT cells
in either the lung parenchyma or the airway lumen during
LVS infection. Similarly, MAIT cell production of IFN-vy,
TNE and IL-17A was not significantly affected in CXCR6™/~
mice. Interestingly, however, CXCR6 had a significant role
in maintaining MAIT cells in the airway lumen long after
clearance of LVS infection. Importantly, CXCL16 is expressed
in both soluble and membrane-bound forms (49), with the
latter inducing adhesion of cells expressing CXCR6 (50). This
is consistent with findings that suggest CXCL16 is weakly
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FIGURE 5 | Intranasal instillation of CXCL16 and 5-OP-RU induces MAIT cell accumulation in the lungs in the absence of infection. Naive WT mice were intranasally
administered 5-OP-RU or control Ac-6-FP (6-FP) with one of the chemokines shown on days 1, 2, and 3. Mice given 5-OP-RU + Pam were intranasally administered
5-OP-RU and Pam on day 1, and 5-OP-RU alone on days 2 and 3. On day 7, the lungs were harvested for flow cytometry analysis. “PBS” mice received only PBS at
the indicated time points. (A) Representative flow cytometry dot plots showing 5-OP-RU MR1 tetramer™ TCRB+ MAIT cells in naive WT mice treated as indicated.
Total live singlet lung cells for individual mice are shown. (B) A graphical representation of the number of MAIT cells in the lungs of mice on day 7 (***P < 0.001). (C)
Va19iTgMR1+/+ transgenic murine MAIT cells were co-cultured with uninfected macrophages, recombinant CXCL16, and 5-OP-RU, and cytokine production was
measured after 16 h. “No stimulation” = uninfected macrophages and MAIT cells. hd CXCL16 = heat-denatured CXCL16. Pam = Pam,CSK,. Data are presented as
the mean + SEM (n = 3) and is representative of three independent experiments.

chemotactic (51) and instead has a role in controlling the = CXCL16 as being up-regulated in the lungs during LVS infection
localization of CXCR6™ cells within different compartments and remained significantly elevated even after the bacterial
of the lung rather than directly recruiting them from the  CFUs had fully cleared. Overall, our data show that CXCR6
circulation (35). Indeed, CXCL16 is constitutively expressed by  is not required for MAIT cell recruitment during infection
bronchial epithelial cells, which could facilitate retention of T ~ but instead supports long-term retention of MAIT cells in the
lymphocytes in the lungs (35, 40, 52). Our own data identified  airway lumen.
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Although our data does not rule out a role for chemokine
receptors in MAIT cell recruitment, it raised the question of
whether MAIT cells proliferate in situ in the lungs during
pulmonary LVS infection. Of particular interest, Wang et al.
found that MAIT cells in both the lungs and mediastinal lymph
nodes proliferated during pulmonary Legionella longbeacheae
infection (11). This study delivered BrdU via the intraperitoneal
route and used a short labeling period (2h) to avoid detecting
cells that had proliferated elsewhere and migrated to the
lungs. In our study, we delivered BrdU directly to the lungs
by intranasal instillation and investigated the possibility that
MAIT cells migrate from secondary lymphoid organs during
infection. We found that the majority of MAIT cells in
the lungs (~60%) and a smaller proportion in the lung-
draining lymph nodes (~15%) incorporated BrdU during LVS
pulmonary infection. Further, MAIT cell accumulation in the
lungs was not impacted by treatment with the sphingosine-1-
phosphate agonist FTY720, which inhibits lymphocyte trafficking
from the thymus and secondary lymphoid organs (38). This
was in sharp contrast to conventional CD4" and CD8*
T cells, which exhibited impaired recruitment to the lungs
after FTY720 treatment. Although FTY720 does not inhibit
the migration of T cells found in non-lymphoid tissues and
the blood, our combined data suggest that the majority of
MAIT cells in the lungs arise from in situ proliferation
during infection.

Several studies have demonstrated that MAIT cell
accumulation in the lungs can be induced by intranasal
instillation of a TLR agonist and a MAIT cell antigen in naive
mice (10, 53). Since TLR agonists stimulate production of
multiple cytokines and chemokines, the precise agents that
facilitate MAIT cell accumulation remain unknown. Further,
TLR agonists are broadly inflammatory and may be detrimental
in some situations where MAIT cells could be targeted as an
immunotherapy. Here we found that intranasal administration
of CXCL16 with 5-OP-RU was sufficient to increase MAIT
cell numbers in the lungs of naive mice, although it was not
as effective as the TLR agonist Pam,CSKy. This is similar
to the finding that intranasal delivery of the Mycobacterium
tuberculosis antigen rec85A with CXCL16 induced enrichment
of antigen-specific CXCR6™ T cells in the airways of previously
immunized mice and provided significant protection against
pulmonary M. tuberculosis infection (54). Although our
data showed that CXCR6 was not essential for MAIT cell
recruitment during LVS infection, this does not rule out a
non-redundant role for the CCR6/CXCL16 axis in MAIT cell
accumulation. However, it is particularly interesting to note
that CXCL16 stimulated proliferation of Jurkat T cells and
primary human CD4% T cells in vitro (55). In this light, it is
possible that CXCL16 in combination with 5-OP-RU stimulated
MAIT cell proliferation rather than recruitment to the lungs.
Overall, our data demonstrate that CXCL16 can partially
replace TLR agonists in regimens used to induce MAIT cell
accumulation, offering a more targeted method to achieve
this goal.

In summary, here we found that the vast majority of
MAIT cells were CXCR6" during pulmonary F. tularensis
LVS infection, but that CXCR6 was not required for MAIT
cell accumulation in the lung parenchyma. However, CXCR6
contributed to long-term retention of MAIT cells in the airway
lumen. Our data show that MAIT cells are not recruited
from secondary lymphoid tissues and largely proliferate in
situ in the lungs during infection. Importantly, we found that
CXCL16 can partially substitute for TLRs in therapeutic regimens
that induce MAIT cell accumulation via administration of 5-
OP-RU. Overall, our data advance the understanding of the
mechanisms that facilitate MAIT cell accumulation and retention
in the tissues.
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