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MAIT cells promote inflammatory monocyte differentiation
into dendritic cells during pulmonary intracellular infection

Anda I. Meierovics and Siobhan C. Cowley

Laboratory of Mucosal Pathogens and Cellular Immunology, Division of Bacterial, Parasitic, and Allergenic Products, Center for Biologics Evaluation and Research,
U.S. Food and Drug Administration, Silver Spring, MD 20993

Mucosa-associated invariant T (MAIT) cells are a unique innate T cell subset that is necessary for rapid recruitment of acti-
vated CD4* T cells to the lungs after pulmonary F. tularensis LVS infection. Here, we investigated the mechanisms behind this
effect. We provide evidence to show that MAIT cells promote early differentiation of CCR2-dependent monocytes into mono-
cyte-derived DCs (Mo-DCs) in the lungs after F. tularensis LVS pulmonary infection. Adoptive transfer of Mo-DCs to MAIT
cell-deficient mice (MR17~ mice) rescued their defect in the recruitment of activated CD4* T cells to the lungs. We further
demonstrate that MAIT cell-dependent GM-CSF production stimulated monocyte differentiation in vitro, and that in vivo
production of GM-CSF was delayed in the lungs of MR1~/~ mice. Finally, GM-CSF-deficient mice exhibited a defect in mono-
cyte differentiation into Mo-DCs that was phenotypically similar to MR17~ mice. Overall, our data demonstrate that MAIT
cells promote early pulmonary GM-CSF production, which drives the differentiation of inflammatory monocytes into Mo-DCs.
Further, this delayed differentiation of Mo-DCs in MR1~/~ mice was responsible for the delayed recruitment of activated CD4*
T cells to the lungs. These findings establish a novel mechanism by which MAIT cells function to promote both innate and
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adaptive immune responses.

INTRODUCTION

A fundamental function of the innate immune system is to
activate adaptive immune responses critical for pathogen erad-
ication. In many infection models, accumulation of Ly6C"™
CD11b" monocytes at the site of infection is an essential part
of this process (Serbina et al., 2008).These cells are commonly
referred to as inflammatory monocytes and express CCR2, a
chemokine receptor that promotes emigration of cells from
the bone marrow (Serbina and Pamer, 2006). Correspond-
ingly, CCR2™'~ mice are highly susceptible to numerous
microbial infections because CCR2" Ly6C"™ CD11b" mono-
cytes fail to exit the bone marrow and traffic to the site of
infection (Serbina and Pamer, 2006; Serbina et al., 2008).

A critical role for CCR2" inflammatory monocytes in
immune defense is their ability to differentiate into mono-
cyte-derived DCs (Mo-DCs) at the site of infection (Peters
et al., 2001; Hohl et al., 2009; Nakano et al., 2009; Osterhol-
zer et al., 2009; Espinosa et al., 2014). Mo-DCs are typically
characterized as Ly6C" CD11b" MHCIT™ CD11c™ cells and
possess several important functions. In some infection models,
such as Listeria monocytogenes, Mo-DCs include a subset
of specialized TNF and inducible nitric oxide synthase—pro-
ducing DCs (Tip-DCs) that express antimicrobial effector
functions (Serbina et al., 2003; Tezuka et al., 2007). However,
a large body of evidence also implicates Mo-DCs in the initi-
ation of adaptive CD4" T cell responses to a variety of patho-

gens, including Mycobacteria tuberculosis (Peters et al., 2001,
2004), Aspergillus fumigatus (Hohl et al., 2009), Histoplasma
capsulatum (Wiithrich et al., 2012), and Leishmania major
(Ledn et al., 2007). In the A. fumigatus pulmonary infection
model, Mo-DCs transported antigen from the lungs to the
draining lymph nodes, suggesting a possible mechanism by
which they promote CD4" T cell priming (Hohl et al., 2009).
Thus, the differentiation of inflammatory monocytes into
Mo-DCs is likely an important step required for the initia-
tion of CD4" T cell responses. Although in vivo and in vitro
studies have shown that GM-CSF and M-CSF influence the
differentiation of inflammatory monocytes into Mo-DCs
(Kang et al., 2008; Bosschaerts et al., 2010; Chong et al., 2011;
Greter et al., 2012; Chen et al., 2016), the cell types required
to direct Mo-DC differentiation during infection have not
been extensively investigated.

Although conventional CD4" T cells respond slowly
and require signals from specialized DCs for activation, in-
nate-like T cells respond more quickly to infectious assaults,
uniquely positioning them to influence early innate events.
Mucosa-associated invariant T (MAIT) cells are a subset of
innate-like T cells that express an evolutionarily conserved T
cell receptor o chain restricted by the nonpolymorphic MHC
class I-related protein (MR 1; Huang et al., 2005, 2009; Gold
and Lewinsohn, 2013). MAIT cells are activated by microbial
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riboflavin metabolite-derived antigens presented by MR,
distinguishing them from all other aff T cells (Kjer-Nielsen
et al., 2012). Because the riboflavin biosynthetic pathway is
unique to microbes, these metabolites are comparable to mi-
crobial molecular patterns, indicating that MAIT cells likely
participate in early pattern-recognition surveillance. Indeed,
MAIT cells quickly secrete IFN-y, TNE IL-17, and cytotoxic
effector mechanisms when stimulated with a wide variety of
pathogens in vitro (Gold et al., 2010; Le Bourhis et al., 2013;
Cowley, 2014; Cui et al., 2015). The in vivo importance of
MAIT cells is evident in MR 17~ mice, which lack MAIT
cells and are impaired in their ability to control infections with
Francisella tularensis, Mycobacterium bovis BCG, and Klebsi-
ella pneumoniae (Georgel et al., 2011; Chua et al., 2012; Mei-
erovics et al., 2013). However, thus far little is known about
the activities that MAIT cells contribute to the in vivo gen-
eration of protective innate and adaptive immune responses.

F tularensis is a Gram negative, facultative intracellular
bacterium and the causative agent of tularemia. Classified as
a Tier 1 bioterrorism agent, inhalation of virulent strains of
F tularensis rapidly progresses to acute lethal disease in up to
60% of untreated patients (Ellis et al., 2002). The attenuated
F tularensis live vaccine strain (LVS) has shown potential as a
protective vaccine in animal studies, and has been used as an
investigational product in the United States (Dennis et al.,
2001). Although avirulent for humans, F tularensis LVS causes
a fulminant pulmonary infection in mice, with an i.n. LDs, of
~10°-10" bacteria (Elkins et al., 2003). Importantly, i.n. infec-
tion of mice with sublethal doses of F tularensis LVS results in
the recruitment of large numbers of MAIT cells to the lungs
and offers a convenient platform to study pulmonary MAIT
cell immune responses (Meierovics et al., 2013).

We have previously used the F tularensis LVS murine
pulmonary infection model to probe the role of MAIT cells
in mucosal immune responses, demonstrating that accumula-
tion of activated CD4" T cells in the lungs of MR 1™~ mice
was delayed after respiratory LVS infection (Meierovics et
al., 2013). Similar to other intracellular pathogens, optimal
defense against LVS infection requires conventional CD4"
and/or CD8" T cells for clearance, and, correspondingly,
MR17"~ mice exhibited increased susceptibility and delayed
clearance of a sublethal LVS pulmonary infection (Yee et al.,
1996; Meierovics et al., 2013). We were therefore interested
in determining the mechanisms by which MAIT cells influ-
ence early activation and/or recruitment of conventional T
cells. Here, we show that MR 1™~ mice exhibit delayed dif-
ferentiation of CCR2—dependent inflammatory monocytes
(defined as Ly6C"CD11b* cells) into Mo-DCs (generally
defined as Ly6C"CD11b"CD11c¢"MHCII" cells) after pul-
monary F tularensis LVS infection, and that this early defect
impairs the accumulation of activated CD4" T cells in the
lungs. We further demonstrate that MAIT cells contribute to
early GM-CSF production, and that GM-CSF is necessary
for Mo-DC accumulation during LVS pulmonary infection.
These findings reveal a previously unappreciated role for
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MAIT cells in the promotion of inflammatory monocyte dif-
ferentiation and the development of DCs that facilitate later
adaptive immune responses.

RESULTS
Early accumulation of CCR2-dependent CD11b* DCs in the
lungs of MR1~/~ mice is impaired after pulmonary
mucosal infection
To determine whether MAIT cells influence early inflam-
matory events during in vivo pulmonary infection, we ex-
amined myeloid cell numbers in the lungs after sublethal 1.n.
E tularensis LVS infection. Inflammatory myeloid cells in
the lungs possess a heterogeneous phenotype, and discrimi-
nation of DCs from macrophages requires a complex gating
strategy (Skold and Behar, 2008; Hohl et al., 2009). Lung
cells harvested from WT and MR 17"~ mice on day 4 after
sublethal i.n. LVS infection were first analyzed for CD11c¢
and MHC class II expression, and subsequently divided into
CD103" intraepithelial DCs (gate R 1), macrophages (gate
R2), or CD11b" DCs (gate R3) in accordance with pre-
viously published studies (Fig. 1 A; Sung et al., 2006; Hohl
et al., 2009). As compared with WT mice, MR1™~ mice
had a lower proportion of CD11¢* MHCII" cells in their
lungs on day 4 after infection (Fig. 1 A). Accumulation of
CD11b" DCs, but not CD103" DCs or macrophages, was
observed in the lungs of WT mice on days 3, 4, and 5 after
sublethal 1.n. LVS infection (Fig. 1, A and B). In contrast,
MR17" mice failed to accumulate CD11b" DCs at the
same rate as their WT counterparts, with significantly fewer
CD11b" DCs present in their lungs at days 4 and 5 after
infection. In keeping with studies performed in other pul-
monary infection models (Hohl et al., 2009; Osterholzer et
al., 2009), recruitment of CD11b" DCs to the lungs after
in. LVS infection was dependent on CCR2 signaling, as
CCR27" mice had reduced numbers of CD11b" DCs in
their lungs on day 4 after sublethal i.n. LVS infection as
compared with WT mice (Fig. 1,A and C). Importantly, the
severe defect in accumulation of CD11b* DCs in the lungs
of CCR27'™ mice was not significantly different from that
of MR 17/~ mice on day 4 after infection (Fig. 1 C). Overall,
these data demonstrate that mice lacking MAIT cells fail
to accumulate a CCR2-dependent population of CD11b*
DCs in their lungs at the same rate as their WT counterparts.
We further characterized the CD11b" DC population
in the lungs of WT mice to gain insight into their function.
As shown in Fig. 2 (A and B), CD11b* DCs from the lungs
of WT mice 4 d after i.n. LVS infection were highly posi-
tive for the co-stimulatory molecules CD86 and CD40 (~93
and 94%, respectively). Approximately 13% of CD11b" DCs
expressed the chemokine receptor CCR7, which is known
to facilitate lymph node migration. CD11b" DCs expressed
CD172a, CD64, Ly6C, F4/80, and CD24, consistent with in-
flammatory CD11b" DCs that have been described in other
infection models (Greter et al., 2012; Guilliams et al., 2013).
In contrast, CD11b" DCs expressed low levels of two markers
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Figure 1. Accumulation of CCR2-dependent CD11b* DCs in the lungs of MR1~/~ mice is impaired after F. tularensis i.n. LVS infection. Wild-
type C57BL/6, MR17"=, and CCR2™~ mice were i.n. infected with a sublethal dose of 2 x 10% CFU F tularensis LVS, and total lung cells were harvested at
the indicated time points after infection to evaluate the presence of myeloid cells. (A) Representative flow cytometry dot plots of lung cells on day 4 after
infection, demonstrating the gating scheme used to identify CD103* DCs (gate R1), macrophages (gate R2), and CD11b* DCs (gate R3). (B) Accumulation of
CD103* DCs, macrophages, and CD11b* DCs in the lungs of WT mice after i.n. LVS infection. (C) Total numbers of CD11b* DCs in the lungs of WT, MR17-, and
CCR27"~ mice on day 4 after i.n. LVS infection. All data are representative of three independent experiments (n = 5 mice per group) and are the mean + SEM.
¥, P <0.01, compared with LVS-infected WT mice at the same time point. Data were analyzed via one-way ANOVA, followed by the Student-Newman-Keuls

multiple stepwise comparison.

consistent with resident DCs, B220, and CD8a (~5 and <1%,
respectively). Of note, the CD11b" DC population expressed
CSF-2Ra (GM-CSF receptor; 98%), but not CSF-1R (M-
CSF receptor, or CD115; 8%). To determine whether these
cells possess DC morphology, CD11b" DCs were flow sorted
from the lungs of WT mice on day 4 after i.n. LVS infec-
tion, and examined by microscopy. The CD11b" DC popula-
tion exhibited morphological variation, although many cells
possessed characteristics consistent with DCs, such as typi-
cal dendrites (Fig. 2 C).

CD11b" DCs are derived from recently recruited,
CCR2-dependent, inflammatory monocytes (defined as
Ly6Chi CD11b™ cells; Lin et al., 2008; Skold and Behar, 2008;
Hohl et al., 2009; Osterholzer et al., 2009; Shi and Pamer,
2011). As noted in the previous paragraph, the CD11b* DC

JEM Vol. 213, No. 12

population identified in the lungs of infected WT mice was
predominantly Ly6C" (94%), and dependent on CCR2 for
their accumulation in the lungs, consistent with the proposal
that they are derived from recently recruited inflammatory
Ly6C" CD11b" monocytes (Figs. 1 and 2 A). Because co-
expression of CD11¢ and MHCII by inflammatory Ly6C"
CD11b" monocytes is frequently used to identify inflam-
matory monocyte—derived DCs (Mo-DCs; Guilliams et al.,
2009; Bosschaerts et al., 2010), we used flow cytometry to
determine whether the CD11b* DC population are classical
Mo-DCs. As shown in Fig. 2 D, flow cytometry analysis con-
firmed that Mo-DCs in WT mice reside entirely within the
CD11b" DC population, demonstrating that CD11b" DCs
and Mo-DCs are one and the same. Hereafter, we will refer
to these cells as Mo-DC:s.
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Figure 2. Characterization of CD11b* DCs in the lungs of mice after i.n. F. tularensis LVS infection. Wild-type C57BL/6 mice were infected with
a sublethal dose of 2 x 10? CFU F. tularensis i.n. LVS, and total lung cells were harvested on day 4 after infection. (A) Expression of myeloid cell markers by
CD11b* DCs. In the flow cytometry histograms shown, CD11b" DCs were first gated as indicated in Fig. 1 A, gate R3. Gray histogram shows fluorescence
minus one control, and white histogram shows staining by the indicated antibody. Data are representative of two independent experiments (n = 3 mice
per group). (B) Quantitation of myeloid marker expression by lung CD11b* DCs (based on percentage of positive cells). Data are representative of two inde-
pendent experiments (n = 3 mice per group). (C) Cytospin preparations of CD11b* DCs purified from the lungs of 10 LVS-infected WT mice on day 4 after
infection by fluorescence-activated cell sorting and examined by light microscopy. Bars, 10 um. Data are representative of two independent experiments.
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MAIT cells are required for the early differentiation of
inflammatory monocytes into Mo-DCs in vivo
We next investigated the reason for the reduced accumulation
of Mo-DGCs in the lungs of MR 17~ mice during i.n. LVS
infection. To determine whether the diminished number of
Mo-DCs in the lungs of MR 17/~ mice is a consequence of
reduced recruitment of their inflammatory monocyte precur-
sors, we compared Ly6C" CD11b" monocytes in the lungs
of WT, CCR27~, and MR 17/~ mice after i.n. LVS infection.
As shown in Fig. 3 A, the total numbers and percentages of
Ly6C" CD11b" monocytes in the lungs of MR17/~ and WT
mice were not significantly different on day 4 after infection. In
contrast, Ly6C™ CD11b* monocytes in the lungs of CCR2™/~
mice were significantly reduced as compared with WT and
MR17~ mice. Because CCR2 facilitates egress of Ly6C™
CD11b" monocytes from the bone marrow, we examined
the percentage of these cells present in the bone marrow of
WT, CCR277, and MR17'~ mice after i.n. LVS infection.
CCR2™" mice significantly accumulated high levels of Ly6C"
CD11b" monocytes in the bone marrow compared with WT
mice; however, consistent with the normal recruitment of Ly-
6C" CD11b* monocytes to the lungs of MR 17/~ mice, bone
marrow from these mice did not accumulate Ly6C™ CD11b"
monocytes during the first 4 d after infection (Fig. 3 B).
Ovwerall, these results demonstrate that recruitment of Ly6C"
CD11b" monocytes to the lungs of mice after LVS infection
requires CCR2. Further, MR17~ mice were not defective
in the emigration of Ly6C" CD11b* monocytes from the
bone marrow and their subsequent recruitment to the lungs.
Because MR 17/~ mice were defective in Mo-DC accu-
mulation (Fig. 1 B), but not in the recruitment of their precur-
sor cells to the lungs (Ly6C" CD11b* monocytes; Fig. 3 A), we
investigated the differentiation of Ly6C" CD11b" monocytes
into Mo-DCs in these mice. Inflammatory Ly6C"™ CD11b"
monocytes that differentiate into Mo-DCs in response to in-
tection up-regulate CD11¢c, MHC II, and a variety of co-stim-
ulatory molecules (CD40, CD80,and CD86; Hohl et al., 2009;
Osterholzer et al., 2009).To assess differentiation of inflamma-
tory monocytes into Mo-DCs during infection, we examined
coexpression of MHCIT and CD11c by Ly6C" CD11b" mono-
cytes in the lungs of WT mice and MR 1™~ mice on days 3, 4,
and 5 after i.n. LVS infection. Only a very small number of Ly-
6C" CD11b* monocytes in WT and MR 17/~ mice co-stained
for MHCII and CD11c on day 3 after infection (Fig. 4 A).
However, by days 4 and 5 after infection, the number of Ly-
6C" CD11b* monocytes coexpressing MHCII and CD11¢
significantly increased in WT mice;in contrast, the numbers of
Ly6C" CD11b" monocytes coexpressing CD11c and MHCII
were significantly lower in MR 1™~ mice as compared with

WT mice (Fig. 4,A and B). Because day 4 after infection was
the critical time at which Mo-DCs began to accumulate in
the lungs, we compared the percentage of Ly6C" CD11b*
monocytes expressing MHCII, CD11c, and CD86 in WT and
MR1™"~ mice on day 4 after i.n. LVS infection. As shown in
Fig. 4 C, there were significantly fewer Ly6C" CD11b" mono-
cytes in MR 17/~ mice expressing MHCII, CD11c, and CD86
as compared with their WT counterparts. The Ly6C" CD11b*
monocytes of MR 17/~ mice exhibited a 62 + 8% and 65 +
5% reduction in expression of CD11¢ and CD86 as compared
with WT mice, respectively, whereas expression of MHCII was
reduced by 37 + 8%. Overall, these data demonstrate that early
differentiation of inflammatory monocytes into Mo-DCs in
the lungs is impaired in the absence of MAIT cells.

We next investigated whether the differentiation of in-
flammatory monocytes into Mo-DCs resulted in a change in
cell morphology consistent with DCs.To this end, we purified
the CD11¢" and CD11c¢™ populations of Ly6C" CD11b*
monocytes from WT mice on day 4 after i.n. LVS infection.
As shown in Fig. 4 D, CD11c" Ly6C" CD11b" cells exhib-
ited a mixed phenotype that included cells with characteristic
DC morphology, including surface projections and numerous
cytoplasmic vacuoles, as well as some round cells lacking clear
dendrites. In contrast, Ly6C" CD11b" cells that lacked CD11¢
expression exhibited few cells with dendritic morphology and
instead consisted of round cells with pronounced surface blebs
and vacuoles, consistent with monocytes (Fig. 4 D).To further
assess whether acquisition of CD11c expression coincided
with LVS uptake, we performed flow cytometry on lung cells
harvested from WT mice on day 4 after infection with an LVS
strain expressing GFP (LVS-GFP). We compared these cells
to those obtained from mice infected with nonfluorescent
LVS to assess background fluorescence. As shown in Fig. 4
(E and F), only a small number of cells in the CD11c¢™ subset
of Ly6C" CD11b" cells harbored LVS-GFP (~0-2% GFP");
in contrast, the CD11c¢” subset of Ly6C" CD11b" cells con-
tained cells that were positive for LVS-GFP (~5-8% GFP").
Thus, inflammatory monocytes that have differentiated into
Mo-DCs possess some dendritic morphology and contain
cells harboring intracellular LVS, indicating that a subset of
this population has the potential to present LVS antigen.

Mo-DCs rescue impaired CD4* T cell activation and/or
recruitment to the lungs in MR1~/~ mice

In other infection models, Mo-DCs promote early prim-
ing of naive CD4" T cells. Because MR 17~ mice exhibit
delayed appearance of activated CD4" T cells in the lungs
during LVS pulmonary infection (Meierovics et al., 2013),
we hypothesized that the reduced numbers of Mo-DCs

(D) Lung Mo-DCs and CD11b* DCs are the same population by flow cytometry analysis. Wild-type C57BL/6 mice were infected with a sublethal dose of 2 x 107
CFU F. tularensisi.n. LVS, and total lung cells were harvested on day 4 after infection to evaluate Mo-DCs and CD11b* DCs. Representative dot plots of lung
cells showing the gating scheme for Mo-DCs (gate R1) and CD116* DCs (gate R2). Overlay of the Mo-DC gating scheme is shown in red, and the CD116* DC
gating scheme shown in blue. Data are representative of three independent experiments (n = 5 mice).
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Figure 3. Inflammatory monocyte recruitment to
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the lungs of MR1~~ mice is not impaired after
i.n. F. tularensis LVS infection. Wild-type C57BL/6,
MR17=, and CCR2™~ mice were in. infected with a
sublethal dose of 2 x 10% CFU £ tularensis LVS, and
(A) total lung cells were harvested on day 4 after
infection to evaluate the presence of Ly6C" CD11b*
inflammatory monocytes. Representative flow cy-
tometry dot plots are shown, as well as enumeration
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in MR17~ mice may contribute to this phenomenon. To
test this hypothesis, Mo-DCs were purified by flow sorting
from the lungs of WT mice on day 4 after infection, and
adoptively transferred to MR 17/~ mice late on day 3 after
LVS infection. The appearance of activated (CD44" CD69™)
CD4" T cells was evaluated in the lungs of MR17'~ adop-
tive transfer recipients, mock-treated MR 17/~ mice, and un-
treated WT mice on day 8 after i.n. LVS infection, when
activated CD4" T cells first appear in the lungs. As shown in
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Fig. 5, mock-treated MR 17~ mice exhibited a significant
75% reduction in the number of activated CD4" T cells in
the lungs as compared with WT mice. In contrast, adop-
tive transfer of Mo-DCs to MR 17~ mice significantly in-
creased the numbers of activated CD4" T cells in their lungs
as compared with mock-treated MR 17/~ mice; importantly,
the elevated number of activated CD4" T cells in MR 17/~
adoptive transfer recipients was not significantly different
from WT mice. Thus, Mo-DCs are an important DC subset
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Figure 4. Differentiation of inflammatory monocytes into Mo-DCs is impaired in the lungs of MR1~/~ mice after i.n. F. tularensis LVS
infection. Wild-type C57BL/6 and MR17~ mice were infected with a sublethal dose of 2 x 10? CFU £, tularensis i.n. LVS, and (A) total lung cells were
harvested at the indicated time points to evaluate the presence of Mo-DCs (Ly6C" CD11b* MHCII* CD11c" cells). Data are representative of three
independent experiments (n = 5 mice per group), and are the mean + SEM. *, P < 0.05, compared with LVS-infected WT mice at the same time point.
(B) Flow cytometry analyses of Mo-DCs in the lungs of WT and MR1~/~ mice on day 4 after infection. Representative dot plots are shown. (C) Analysis
of CD11¢, CD86, and MHCII expression by Ly6C" CD11b* cells in the lungs of mice on day 4 after i.n. LVS infection. Data are representative of three
independent experiments (n = 5 mice per group), and are the mean + SEM. *, P < 0.05, compared with LVS-infected WT mice at the same time point.
(D) Cytospin preparations of CD11¢™ and CD11c* inflammatory monocytes (Ly6C" CD11b* cells) purified from the lungs of LVS-infected mice on day
4 after infection by fluorescence-activated cell sorting and examined by light microscopy (top) or confocal microscopy (bottom) using wheat germ
agglutinin-Alexa Fluor 594-conjugated membrane stain (red) and Hoechst nuclear stain (blue). Bars, 10 um. Lung cells were pooled from 10 mice for
flow sorting, and data are representative of three independent experiments. (E) WT mice were infected i.n. with LVS-GFP or LVS, and GFP* cells were
evaluated in CD11c¢™ and CD11c* inflammatory monocytes (Ly6C" CD11b* cells) by flow cytometry on day 4 after infection. Representative dot plots
are shown. (F) Quantification of the percentage of GFP* CD11c™ and CD11c* inflammatory monocytes (Ly6C" CD11b* cells) in the lungs of mice on
day 4 after infection with either LVS-GFP or LVS (negative GFP control). Data are representative of three independent experiments (n = 5 mice per
group) and are the mean + SEM. *, P < 0.05, compared with LVS-infected WT mice at the same time point. Data were analyzed via one-way ANOVA
followed by the Student-Newman-Keuls multiple stepwise comparison.
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Figure 5. Adoptive transfer of Mo-DCs to MR1~/~ mice rescues their
impairment in the accumulation of activated CD4* T cells in the
lungs after i.n. F. tularensis LVS infection. Wild-type C57BL/6 mice
were infected with a sublethal dose of 2 x 10? CFU £ tularensis i.n. LVS,
and Mo-DCs were purified from the lungs on day 4 after infection by fluo-
rescence-activated cell sorting using the gating scheme shown in Fig. 1 A,
gate R3. 10° Mo-DCs were transferred i.v. to MR17~ mice on day 3 after
i.n. LVS infection. Lungs were harvested from WT mice, MR17~ mice, and
MR17~ adoptive transfer recipients and the total numbers of CD4* T cells
and activated (CD69* CD44") CD4* T cells were quantified by flow cytom-
etry on day 8 after i.n. LVS infection. Data are representative of three in-
dependent experiments, and are the mean + SEM. *, P < 0.05, compared
with LVS-infected WT mice. *, P < 0.05, compared with LVS-infected
MR17~ mice. Data were analyzed via one-way ANOVA, followed by the
Student-Newman-Keuls multiple stepwise comparison.

that rescue the defect in activated CD4" T cell recruitment
to the lungs of MR 17/~ mice during i.n. LVS infection.

MAIT cells directly stimulate the differentiation of bone
marrow-derived monocyte precursors into Mo-DCs

We next sought to determine the mechanism behind the im-
paired differentiation of inflammatory monocytes into Mo-
DCs in MR 17~ mice. Because either IFN-y or GM-CSF can
induce bone marrow monocyte differentiation into Mo-DCs
in vitro (Serbina and Pamer, 2006; Osterholzer et al., 2009),
we examined the effect of these two cytokines on the ca-
pacity of MR 17"~ bone marrow precursors (Ly6C™ CD11b*
monocytes) to differentiate into Mo-DCs in vitro.We purified
Ly6C" CD11b" monocytes from the bone marrow of WT
and MR 17~ mice, and cultured them in the presence of ei-
ther recombinant IFN-y or GM-CSE As shown in Fig. 6, cells
exposed to either IFN-y or GM-CSF significantly up-regu-
lated CD11c and MHC class II expression (Fig. 6, A and B).
Of note, GM-CSF stimulated higher level CD11c expression
than IFN-y (Fig. 6 A), and promoted accumulation of higher
numbers of these cells than IFN-y, which is consistent with
the ability of GM-CSF to act as a growth factor (Fig. 6 C).
Equivalent numbers of WT and MR 17/~ monocytes coex-
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pressed CD11c and MHC II after cytokine treatment (Figs.
6, A and B), suggesting that Ly6C™ CD11b" monocytes in
MR 17"~ mice are not functionally blocked for differentiation,
and indicating that the tissues of these mice lack the appropri-
ate signals to encourage differentiation.

To evaluate whether MAIT cells directly stimulate in-
flammatory monocyte differentiation, Ly6C" CD11b" mono-
cytes purified from naive WT bone marrow were co-cultured
with total Thy1.2" cells isolated from transgenic mice that ex-
clusively express the canonical MAIT cell Va19-Ja33 TCR«
chain (Va19iTgCa'"MR1"* mice). LVS-infected macro-
phages from WT mice were included in the cultures as a source
of antigen-presenting cells to facilitate MAIT cell activation.
After 3 d of culture, the Ly6C™ CD11b" monocytes were as-
sessed for changes in CD11c and MHC II coexpression (gat-
ing of Ly6C" CD11b* monocytes is shown in Fig. S1). Few
Ly6C"™ CD11b* monocytes expressed CD11c and MHCII
after 3 d of culture with LVS-infected macrophages (12 + 1%
MHCII"CD11c¢* monocytes; Fig. 7 A, first panel). In con-
trast, Ly6C" CD11b" monocytes significantly up-regulated
CD11c and MHC class I1 expression when Va19iTg Thy1.2"
cells were included in the cultures, increasing to a mean of
61.5 + 1% MHCII'CD11c¢" monocytes (Fig. 7 A, second
panel). Because Thy1.2" cells isolated from Va19iTg mice
may contain additional T cell subsets that are not MAIT cells,
we compared the ability of Thy1.2" cells isolated from naive
WT C57BL/6 mice and Va19iTg mice to drive monocyte
differentiation in the presence of LVS-infected macrophages.
As before,Va19iTg Thy1.2" cells promoted monocyte MHC
class II and CD11c¢ up-regulation, whereas cultures contain-
ing naive WT C57BL/6 Thy1.2" cells were not significantly
different from cultures lacking T cells (Fig. 7 B), demonstrat-
ing that other non-MAIT cell Thy1.2" cell subsets present in
naive spleens do not significantly affect monocyte differenti-
ation in the co-cultures. To assess the role of cognate antigen
recognition in this process, Ly6C" CD11b* monocytes were
purified from the bone marrow of naive MR 1™~ mice and
co-cultured with Va19iTg Thy1.2" cells in the presence of
LVS-infected MR 17~ macrophages. As shown in Fig. 7 C,
the absence of MR 1 had no effect on up-regulation of MHCII
and CD11c¢ by monocytes as compared with cultures con-
taining WT monocytes and WT macrophages. Similar results
were observed for WT monocytes and WT macrophages cul-
tured withVa19iTg Thy1.2" cells in the presence of a block-
ing anti-MR 1 antibody (unpublished data). Thus, the ability
of Va19iTg Thy1.2" cells to drive monocyte differentiation
in the cultures was independent of MR 1.

Because recombinant IFN-y and GM-CSF directly stim-
ulated the differentiation of Ly6C™ CD11b" bone marrow
monocytes in vitro (Fig. 6), we investigated whether these
cytokines were responsible for monocyte differentiation in the
Va19iTgThy1.2" cell cultures. Both IFN-y and GM-CSF were
detected in the supernatants of cultures containing Va191Tg
Thy1.2" cells and LVS-infected macrophages, but not in cul-
tures that lacked Va19iTg Thy1.2" cells, demonstrating that
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Figure 6. Bone marrow monocytes from MR1~/~ mice

84-6  do not exhibit a defect in differentiation into MHCII*
CD11c* cells in response to recombinant cytokines
in vitro. Monocytes (Ly6C" CD11b* cells) were purified
from the bone marrow of naive WT and MR17~ mice by
fluorescence-activated cell sorting and cultured for 3 d in

the presence of recombinant IFN-y or GM-CSF (100 ng/
ml), then assessed for coexpression of MHCIl and CD11¢

by flow cytometry. Representative flow cytometry dot

plots are shown (A). The percentage (B) and total number
(C) of MHCII* CD11¢* monocytes is shown. Bone marrow
cells were pooled and sorted from 50 mice; data includes
values + SEM from three replicates, and is representative
of three independent experiments. *, P < 0.01, compared

: with IFN-y-treated cells. Data were analyzed via one-way
v '27_3 ANOVA, followed by the Student-Newman-Keuls multi-

ple stepwise comparison.
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Val19iTg Thy1.2" cells are likely the source of both cytokines
(Fig. 7 D). Addition of neutralizing anti-IFN-y antibodies to
the cultures did not significantly impact the total number of
differentiated monocytes expressing both MHCII and CD11c
(Fig. 7 A, third panel). In contrast, addition of neutralizing
anti-GM-CSF antibodies significantly inhibited monocyte
differentiation, resulting in a lower number of differentiated
monocytes (Fig. 7 A, fourth panel). Simultaneous addition of
both anti-IFN-y and anti-GM-CSF Abs to the cultures had no
additional impact on monocyte differentiation (unpublished
data). Thus, GM-CSF is the dominant cytokine driving mono-
cyte differentiation in the in vitro co-cultures. Overall, these
data show that MAIT cells can stimulate the differentiation of
bone marrow—derived Ly6C" CD11b* monocytes in a GM-
CSF—dependent and MR 1-independent manner.

MAIT cell-dependent production of GM-CSF is required

for early differentiation of inflammatory monocytes

into Mo-DCs in the lungs

Because our results revealed that MAIT cell-derived GM-
CSF contributed to the differentiation of bone marrow
Ly6Clli CD11b™ cells into Mo-DCs in vitro, we next sought
to examine the role of GM-CSF during i.n. LVS infection

JEM Vol. 213, No. 12

in vivo. GM-CSF production significantly increased in the
lungs of WT mice during the first 4 d of infection (Fig. 8 A);
in contrast, GM-CSF in the lungs of MR17'~ mice on days
2 and 3 after infection was significantly reduced as compared
with WT mice, and was not significantly different from naive
mice. By day 4 after and thereafter, GM-CSF levels in the
lungs of MR 17/~ mice were not significantly different from
the levels present in the lungs of WT mice. Because M-CSF
can also drive inflammatory monocyte differentiation in sev-
eral inflammation models in vivo (Greter et al., 2012), we
similarly examined the levels of M-CSF in the lungs of mice
during i.n. LVS infection (Fig. 8 A). M-CSF levels in the lungs
did not significantly increase as compared with naive mice
during the first 5 d of infection, and no significant differences
were observed between WT and MR 17/~ mice. Overall, these
results demonstrate that MAIT cells are required for initial
early GM-CSF production, but not M-CSF production, in
the lungs after i.n. LVS infection.

‘We next examined the levels of expression of the M-CSF
receptor (CD115) and GM-CSF receptor (CSF2-Ra) on
inflammatory monocytes infiltrating the lungs during i.n.
LVS infection. As a positive control for CD115 expression,
we examined Ly6C"™ CD11b" cells in the bone marrow of
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Figure 7. Va19iTg T cells promote the differentiation of bone marrow monocytes into MHCII*CD11c* cells in a GM-CSF-dependent manner
in vitro. Monocytes (Ly6C" CD11b* cells) were purified from the bone marrow of naive WT and MR17/~ mice by fluorescence-activated cell sorting and
cultured for 3 d in the presence of MAIT cells and LVS-infected macrophages, then assessed for coexpression of MHCII and CD11c by flow cytometry. Thy1.2*
cells purified from transgenic Va19iTgCo™""MR1*/* mice were the source of MAIT cells. In some cases, as indicated, neutralizing antibodies or isotype control
antibodies were added to the cultures at the time of addition of purified MAIT cells. In A, representative flow cytometry dot plots and the number of MHCII*
CD11c*" monocytes are shown for cultures containing WT bone marrow monocytes and LVS-infected WT macrophages in the presence or absence of Va19iTg
Thy1.2* cells. In B, the number of MHCII* CD11¢* monocytes are shown for cultures containing WT bone marrow monocytes, LVS-infected WT macrophages,
and either Va19iTg Thy1.2* cells or naive WT C57BL/6 Thy1.2* cells. In C, representative flow cytometry dot plots of MHCII* CD11¢* monocytes are shown
for cultures containing MR17"~ bone marrow monocytes, LVS-infected MR1~/~ macrophages, and Va19iTg Thy1.2* cells. Graph of the numbers of MHCII*
CD11c* monocytes obtained from MR17/~ cultures as compared with WT cultures (note that A and B are all from the same representative experiment). In D,
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mice on day 4 after i.n. LVS infection, and found they were
highly positive for CD115 expression (Fig. 8 B); however,
Ly6C" CD11b" inflammatory monocytes in the lungs of
WT mice on day 4 after i.n. LVS infection expressed very
low levels of CD115. In contrast, the majority of inflamma-
tory monocytes were highly positive for CSF2-Ra, indicat-
ing that these cells have the capacity to respond to GM-CSF
during 1.n. LVS infection.

We next investigated whether GM-CSF is required for
the differentiation of inflammatory monocytes into Mo-DCs
during 1.n. LVS infection in vivo. Because mice genetically
deficient for GM-CSF (or its receptor) develop alveolar pro-
teinosis (Trapnell et al., 2003), we instead used neutralizing
antibodies to deplete mice of GM-CSE Although the total
numbers of Ly6C™ CD11b" inflammatory monocytes in the
lungs on day 4 after infection were not significantly affected
by GM-CSF depletion (Fig. 8 C), the number of these cells
coexpressing CD11¢ and MHCII was significantly lower in
GM-CSF—depleted mice as compared with WT mice, and
not significantly different from MR 17"~ mice (Fig. 8, D and
E). Isotype control antibody-treated and untreated WT mice
showed no significant differences in inflammatory monocyte
and Mo-DC accumulation in the lungs on day 4 after i.n. LVS
infection (unpublished data). Overall, these data demonstrate
that GM-CSF is required for the differentiation of inflamma-
tory monocytes into Mo-DCs, and further show that MAIT
cells are necessary for early GM-CSF production in the lungs
of mice after i.n. LVS infection.

DISCUSSION

Mo-DCs transiently accumulate in inflamed tissues and
lymph nodes during infection (Nakano et al., 2009). These
cells are not present in the steady state, but differentiate from
recently recruited CCR2" inflammatory monocytes (Hohl et
al., 2009; Osterholzer et al., 2009; Greter et al., 2012). Consis-
tent with the model that Mo-DCs mediate adaptive immu-
nity, these cells stimulate robust Th1 responses in vitro, and
mice lacking CCR2 exhibit impaired T cell responses during
infection (Peters et al., 2001; Nakano et al., 2009). However,
thus far little is known about the cell types required to drive
Mo-DC differentiation. Because MAIT cells recognize a mi-
crobial molecular pattern, possess a memory phenotype, and
are present in peripheral tissues (Rahimpour et al., 2015),
they are in an ideal position to influence early innate immune
responses. Here, we show that MR 1™/~ mice recruited nor-
mal numbers of inflammatory monocytes to the lungs, but
these cells were delayed in their differentiation into Mo-DCs
during F tularensis LVS pulmonary infection. Further, adop-

tive transfer of Mo-DCs to infected MR 17/~ mice rescued
a defect in the recruitment of activated CD4" T cells to the
lungs in these mice. Finally, we show that MAIT cells pro-
mote monocyte differentiation into Mo-DCs in a GM-CSF~
dependent manner in vitro, are required for early GM-CSF
production in the lungs in vivo,and that GM-CSF is necessary
for Mo-DC accumulation during LVS pulmonary infection.
Overall, these results demonstrate that MAIT cells have a crit-
ical role in directing the differentiation of recently recruited
inflammatory monocytes into Mo-DCs, and that the paucity
of these cells impacts later adaptive immune responses.
Because adoptive transfer of Mo-DCs to MR 17/~ mice
restored their defect in activated CD4" T cell accumulation in
the lungs during infection, we further examined this popula-
tion to better understand their function. Our Mo-DC pop-
ulation expressed a variety of markers that were consistent
with lung Mo-DCs identified in other pulmonary infection
models, such as CD64 and CD172a (Greter et al., 2012).
These cells were largely positive for the co-stimulatory mark-
ers CD40 and CD86, and intracellular LVS was detected in
these cells (5-8%).This percentage of infected cells is within
the range reported for infected Mo-DCs in the L. major (5%)
and A. fumigatus (17%) models (Le6n et al., 2007; Hohl et al.,
2009). A significant percentage of Mo-DCs expressed CCR7
(~13%), which is found on mature DCs and coordinates the
migration of these cells to secondary lymphoid tissues (Forster
et al., 1999). Indeed, Bar-Haim et al. (2008) identified a sim-
ilar CD11b" CD11c¢™ DC population in the lungs of mice
during i.n. LVS infection that migrated to local lymph nodes
and harbored intracellular bacteria. Importantly, during L.
major skin infection and A. fumigatus pulmonary infection,
CCR2" Ly6C" CD11b" monocytes were recruited to the
inflamed tissues, where they differentiated into Mo-DCs lo-
cally, acquired antigen, and migrated to regional lymph nodes
(Leon et al., 2007; Hohl et al., 2009). Collectively, these data
suggest that a subset of the Mo-DC population found in the
lungs of LVS-infected mice may transport antigen to drain-
ing lymph nodes and promote T cell activation. However, it
remains to be determined whether the role of Mo-DCs in
this process involves lymph node migration, or whether these
cells have other important in situ lung functions such as cyto-
kine and chemokine production. Indeed, Mo-DCs have been
shown to produce several inflammatory mediators, including
IL-1p, [L-6, IL-12,TNE and various chemokines (Le6n et al.,
2007; Zhan et al., 2010; Ko et al., 2014; Croxford et al.,2015).
It also remains to be determined whether the reduced num-
bers of Mo-DCs in the lungs of MR 17/~ mice impacts bac-
terial growth control. Because Mo-DCs promote activated

IFN-y and GM-CSF in the supernatants of cultures containing WT bone marrow monocytes, LVS-infected WT macrophages, and Va19iTg Thy1.2* cells after
3 d are shown. Bone marrow cells were pooled from 50 mice per experiment; data includes values + SEM from two pooled experiments, each containing
two replicate samples, and is representative of five independent experiments. *, P < 0.01, compared with No T cells. *, P < 0.01, compared with +Vo19i
Thy1.2 cells + control Ab. #, P < 0.01, compared with +Va19i Thy1.2 cells. Data were analyzed via one-way ANOVA followed by the Student-Newman-Keuls

multiple stepwise comparison.

JEM Vol. 213, No. 12

2803

520z Jequeoe( G0 uo 3senb Aq jpd-2£9091 02 Wel/00vE9.L/E6.2/Z LiE L Z/Ppd-ajoie/wal/bio ssaidny//:dpy woly pepeojumoq



A 7 GM-CSF 200 M-CSF — Figure 8. MAIT cells are required for early
60 __:__ MR1 GM-CSF production in the lungs after
% 504 w 150 Wl i.n. F. tularensis LVS infection. Wild-type
‘é? 404 Q C57BL/6 and MR17/~ mice were infected with
& 5. = 100 a sublethal dose of 2 x 102 CFU F tularensis
E ol £ in. VS, and (A) the levels of GM-CSF and
e 10 8 50+ M-CSF were determined in lung homogenates
0 0 during the first 5 d of infection (n = 5 mice per
= T T T T T T H
o *..1' *,5 %‘, %ﬁ © 4:5 K 4,, group]. (B) Expression of CD115 ﬁnd CSF%Roc by
& PP PP & N & & inflammatory monocytes (Ly6C" CD116* cells)
Days after LVS IN infection Days after infection fn the b.one marrow aqd lungs on day 4 a‘fter
i.n. LVS infection. Red line, fluorescence minus
B Ly6Ch CD11b* cells C Ly6Chi CD11b* cells  one control; blue line, staining by the indicated
Bone marrow Lung Lung t 40 antibody. (C) Enumeration of the total number
\ = of Ly6C" CD11b* inflammatory monocytes
\‘\\ Hl 8 &~ 30- in the lungs of WT, MR17=, and GM-CSF-
) 1\ """t K\ \ ) E depleted WT mice on day 4 after i.n. LVS in-
[ A [ | i fection. (D) Representative flow cytometry dot
\ I | 42 204 o
]‘ \ i\ | 55 plots of Mo-DC accumulation in the lungs of
I~ Il £ 2 WT, MR17"~, and GM-CSF-depleted WT mice
- \.., T T .‘.%,,.I e 28 104 on day 4 after i.n. LVS infection. (E) Enumer-
CD115 CD115 CSF2Ro. g ation of the total number of Mo-DCs in the
- 0- lungs of WT, MR17-, and GM-CSF-depleted
é\ [N WT mice on day 4 after i.n. LVS infection. Data
& & . .
~ g,"'-’ are representative of four independent exper-
p“‘ iments (n = 5 mice per group), and are the
& mean + SEM * P < 0.01, compared with WT
D Ly6Chi CD11b* cells E Mo-DCs mice. Data were analyzed via one-way ANOVA
g0 followed by the Student-N -Keuls mul-
WT + y the Student-Newman-Keuls mu
WT MR1-- 0.-GM-CSF Ab - tiple stepwise comparison.
-;' 2.45 27 -éO.TG 7.33|41.08 754 . 2 60~
3 o glal A 3 3 8=
E o
o o 2 £ 40
\—.! - v w0
8 3 . =§ bty ° 8 * *
: q g 201
26.5 34.1 53.1 38.8 |352.9 38.5 =
TrrIT Y T TTT TrTTT
MHCII 0-
& X °
N \a
$ \g. o‘_cQ
'0\“
[«

CD4" T cell accumulation, it is possible that they indirectly
affect bacterial clearance. However, MAIT cells also express
several products that can contribute to LVS growth control,
such as production of IFN-y, TNE Granzyme B, and IL-17A
(Gold et al., 2010; Dusseaux et al., 2011; Meierovics et al.,
2013; Kurioka et al., 2015), suggesting that their ability to
promote Mo-DC accumulation is only one of many mecha-
nisms that can influence the outcome of infection.

The delayed accumulation of Mo-DCs in the lungs
of infected MR 17/~ mice indicates that MAIT cells have
either a direct or indirect role in stimulating inflammatory
monocyte differentiation into Mo-DCs. Using in vitro
cultures, we found that MAIT cells directly stimulated
differentiation of purified Ly6C" CD11b* bone marrow
monocytes, a process largely driven by MAIT cell-depen-
dent GM-CSE Our source of MAIT cells for these studies

2804

were Va19iTgCo™"MR1"" mice, which exclusively ex-
press the canonical TRAV1-TRAJ33 TCRa gene sequence
and are highly enriched for MAIT cells. Typically, such stud-
ies would use Va19iTg Coa”/"MR 17~ mice as a negative
control, because in theory these mice lack MAIT cells due
to the absence of MR 1. However, it was recently shown
that Va19iTg Ca™’"MR1™~ mice contain a large popula-
tion of MAIT-like MR 1 tetramer-reactive T cells (Sakala
et al., 2015). These “MAIT-like” cells were functionally re-
sponsive to synthetic vitamin B2 antigens, although they
were much less reactive than MAIT cells from Va19iTg
Co”/"MR1"" mice. Because the al and a2 domains of
MR1 share sequence and structural similarity with MHC
class I, it has been speculated that the MAIT-like T cells
found in Va19iTg Ca™/"MR17~ mice are selected by a
weak cross-reaction with MHC class Ta (Sakala et al., 2015).
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Thus, in lieu of this control strain, we showed that resident
splenic T cells from naive WT mice, which contain very few
MAIT cells (0.06% of total af* T cells; Rahimpour et al.,
2015), lack the capacity to drive monocyte differentiation.
In further support of our findings, both human and murine
MAIT cells have previously been shown to produce GM-
CSF (Lepore et al., 2014; Cui et al., 2015; Rahimpour et al.,
2015). Our data are also consistent with the observation that
NKT cell clones directed human monocytes to differenti-
ate into DCs in a GM-CSF- and IL-13—dependent manner
(Hegde et al., 2007). For NKT cells, this process required
antigen recognition via CD1d. In contrast, we found that
MAIT cells stimulated monocyte differentiation in vitro in
a MR 1-independent manner. Because several studies have
demonstrated that cytokines, such as IL-18 and IL-12, can
drive MAIT cell IFN-y—production in the absence of cog-
nate antigen (Chua et al., 2012; Ussher et al., 2014; Sakala
et al.,2015), the existence of a cytokine-driven, MR 1-inde-
pendent route for MAIT cell GM-CSF production is fea-
sible. Whether cognate antigen recognition is required for
MAIT cells to direct monocyte differentiation during in
vivo infection remains to be determined.

Although it is broadly accepted that GM-CSF promotes
the differentiation of monocytes into DCs in vitro (Scheicher
et al., 1992; Osterholzer et al., 2009; Helft et al., 2015), the in
vivo role for GM-CSF in this process remains controversial.
GM-CSF was required for the accumulation of Mo-DCs in
antigen-induced peritonitis and LPS-induced lung inflam-
mation, as well as in acute inflammatory arthritis (Campbell
et al., 2011; Louis et al., 2015). In contrast, GM-CSF was
dispensable for Mo-DC differentiation in thioglycollate-in-
duced peritonitis and LPS-induced spleen inflammation
(Campbell et al., 2011), as well as several infection models
(Greter et al., 2012; Ko et al., 2014). Recent studies by Greter
et al. (2012) identified a critical role for M-CSF in Mo-DC
development during LPS-induced spleen inflammation and
i.n.influenza infection. These cumulative data suggest that the
requirement for GM-CSF or M-CSF in promoting Mo-DC
accumulation depends on the nature of the inflammatory
stimulus. In the LVS pulmonary infection model, we found
that few inflammatory monocytes and Mo-DCs present in
the lungs expressed the M-CSF receptor (CD115), but were
almost entirely positive for the GM-CSF receptor. Skold and
Behar (2008) similarly noted a lack of high CD115 expres-
sion by myeloid subsets in the lungs during M. tuberculosis
pulmonary infection. We further found that GM-CSE but
not M-CSE significantly increased in the lungs of WT mice
early after i.n. LVS infection, and that this increase in pul-
monary GM-CSF was delayed in MR 1™~ mice. Collectively,
these data implicated GM-CSE rather than M-CSE in the
delayed differentiation of Mo-DCs in MR 17~ mice during
LVS infection. This is additionally supported by our finding
that GM-CSF—deficient mice exhibited normal accumula-
tion of inflammatory monocytes, but impaired differentiation
of monocytes into Mo-DCs. Our results are consistent with
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the C. neoformans pulmonary infection model, whereby
GM-CSF—deficient mice exhibited impaired accumulation
of Mo-DCs in the lungs (Chen et al., 2016). Overall, our data
demonstrate that GM-CSF promotes monocyte differentia-
tion into Mo-DCs during LVS pulmonary infection, and that
MAIT cells are essential for the initial production of GM-
CSF during the early stages of infection.

Because the MAIT cell population in murine lungs during
the first week of LVS infection is small, and we currently lack
specific markers to distinguish MAIT cells from other T cells,
and we cannot conclusively state whether MAIT cells produce
GM-CSF in vivo themselves or induce GM-CSF production
by other cells in the lungs. However, Rahimpour et al. (2015)
used a MR 1 tetramer to demonstrate that MAIT cells in naive
mouse lungs predominantly expressed the transcription factor
RORYyt, and were potent producers of IL-17. Notably, ROR
response elements have been identified in the c¢sf2 promoter
region, and RORyt drove GM-CSF gene expression in Th17
cells in an IL-23—dependent manner during autoimmune neu-
roinflammation (Codarri et al., 2011). This suggests that the
RORyt" MAIT cell population present in naive mouse lungs
has the potential to produce GM-CSF if exposed to the correct
cytokine environment. Indeed, MAIT cells circulating in the
mucosal tissues of naive mice may be ideally programmed to
produce GM-CSF upon microbial exposure.

Our data support a model whereby MAIT cell-depen-
dent GM-CSF production directs Mo-DC differentiation
during the early stages of LVS pulmonary infection, and that
this influences the magnitude of CD4" T cell responses. Sev-
eral lines of evidence suggest that enhancing GM-CSF lev-
els during vaccination promotes vaccine-induced immune
responses. For example, administration of GM-CSF DNA in
conjunction with several different DNA vaccines enhanced
both cellular and humoral immune responses (Geissler et
al., 1997; Barouch et al., 2002;Yoon et al., 2006). Similarly,
i.n. administration of a GM-CSF—expressing BCG vaccine
to mice increased migration of activated CD4" T cells to
the lungs and amplified BCG-induced protection against
pulmonary TB challenge (Nambiar et al., 2010). However,
because overexpression of GM-CSF in the lungs impaired
protective immunity to M. tuberculosis infection (Szeliga
et al., 2008), these data suggest that GM-CSF levels must
be carefully regulated to function as an adjuvant. Impor-
tantly, compounds that encourage MAIT cell activation may
function as effective adjuvants by inducing MAIT cells to
promote early immune responses such as GM-CSF pro-
duction, which have the potential to amplify critical ele-
ments of adaptive immunity.

MATERIALS AND METHODS

Bacteria

E tularensis LVS (ATCC) was grown and frozen as previ-
ously described (Fortier et al., 1991). Viable bacteria were
quantified by plating serial dilutions on supplemented
Mueller-Hinton agar plates.
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Animals and infections

Male and female specific pathogen—free CCR2™~ mice and
C57BL/6] mice were purchased from The Jackson Labora-
tory. MR17~ mice and Va19iTgCo™"MR1™* transgenic
mice (Kawachi et al., 2006) were obtained from Ted Hansen
(Washington University in St. Louis [WUSTL], St. Louis, MO)
and bred at CBER/FDA.Va19iTgCo™ "MR1"" transgenic
mice exclusively express the canonical TCR Va of mouse
MAIT cells. Animals were housed in a barrier environment
at CBER/FDA, and procedures were performed according
to approved protocols under the FDA Animal Care and Use
Committee guidelines. 1.n. infections were performed by de-
livering 2 X 10> LVS CFU in a volume of 25 ul/naris to
anesthetized mice. Bacteria were diluted in PBS (Cambrex)
containing <0.01 ng/ml endotoxin.

Preparation of single-cell suspensions from lungs

To prepare lung cells for flow cytometry, the lungs were ex-
cised after perfusion through the right heart ventricle with
a solution of DMEM containing 2% FBS, collagenase (0.72
mg/ml) and DNase (10 U/ml). Harvested lungs were sub-
jected to pressure disruption, followed by incubation for 20
min at 37°C in 5% CO,. Released cells were filtered through
a Filtra-bag (Lab Plas), subjected to ACK lysis, and passed
through a 40-um filter. Live cells were enumerated on a
hemocytometer after dilution in Trypan blue.

Flow cytometry analyses

Single-cell suspensions from lungs were prepared as described
in the previous section. Cells were stained for a panel of murine
cell surface markers and analyzed using a Fortessa X-20 (BD)
and Flow]Jo software (Tree Star).Antibody clones used included
RM4-5 (anti-CD4),53-6.7 (anti-CD8a),and H57-597 (anti-
TCRp chain), all obtained from BD. In addition, H1.2F3
(anti-CD69), IM7 (anti-CD44), XMG-6 (anti-IFN-y), N418
(anti-CD11¢),M5/114.15.2 (anti-IA/IE), HK1.4 (anti-Ly6C),
1A8 (anti-Ly6G), M1/70 (anti-CD11b), 2E7 (anti-CD103),
P84 (anti-CD172a), X54-5/7.1 (anti-CD64), BM8 (anti-
F4/80), M1/69 (anti-CD24), RA3-6B2 (anti-B220), 4B12
(anti-CCR7), MP1-22E9 (anti-CSFR2a), AFS98 (anti-
CD115), 323 (anti-CD40), and GL-1 (anti-CD86) were ob-
tained from BioLegend. Clone 475301 (anti-CCRZ2) was
obtained from R&D Systems. Live/Dead Near IR stain was
obtained from Life Technologies and included in all staining
protocols. Optimal antibody concentrations were determined
in separate experiments, and appropriate fluorochrome-
labeled isotype control antibodies used throughout. In all cases,
cells were first gated on singlets (FSC-W vs. FSC-A or -H) and
live cells (Live/Dead Near IR negative) before further analyses.

In vitro culture of bone marrow Ly6C" CD11b*

monocytes with MAIT cells

Bone marrow—derived macrophages were used as anti-
gen-presenting cells for the in vitro co-cultures. Complete
DMEM (cDMEM) was used in all experiments, and con-
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sisted of DMEM + 10% fetal bovine serum (Hyclone) +
10% r-glutamine (Lonza) + 10% nonessential amino acids
(Lonza) + 10% Hepes (Lonza). BMMQ@ were cultured as
previously described, using BMMO medium (cDMEM +
L-929 supernatant supplement; Cowley and Elkins, 2003).
Cells were plated at 5 X 10° cells per well in 96-well plates
in BMMO medium supplemented with 50 pg/ml genta-
mycin (Life Technologies) and incubated at 37°C in 5%
COs. After 1 d of incubation, the medium was replaced with
antibiotic-free BMM® medium, and the cells were incu-
bated for an additional 6 d at 37°C in 5% CQO,.The medium
was replaced with fresh, gentamycin-free BMM@ medium
every 2 d during the 7-d incubation. After the 7-d culture
period, the BMMO concentration was estimated to be 2 X
10° cells/well. BMM®© were then infected with E tularen-
sis LVS at a multiplicity of infection (MOI) of 1:1 (bacte-
rium-to-BMMO ratio) in cDMEM. LVS was coincubated
with BMMQO at 37°C in 5% CO, for 2 h, and then washed
three times with phosphate-buffered saline (PBS; Lonza).
The monolayers were incubated for 1 h in cDMEM sup-
plemented with 50 pg/ml gentamicin to eliminate extra-
cellular bacteria. The BMMQ were washed an additional
three times with PBS, followed by addition of cDMEM
and purified MAIT cells at a ratio of one purified MAIT
cell per two macrophages.

Val19iTgCoa™ "MR 1" mice were used as source of
naive splenic total Thy1.2" MAIT cells for co-culture with
LVS-infected BMM®s and Ly6C" CD11b" bone mar-
row monocytes. Total Thy1.2" T cells were purified from
Val9iTgCa"MR 17" or WT C57BL/6 mouse spleens
using a Thy1.2* Dynabead cell enrichment column (Life
Technologies), according to the manufacturer's recommen-
dations. Where indicated, anti-MR1 Ab clone 26.5 (Ted
Hansen, WUSTL, St. Louis, MO) was added to BMMQO
cultures at a concentration of 25 pg/ml 1 h before adding
MAIT cells. Other antibodies were added at a concentra-
tion of 25 pg/ml (anti—-IFN-y; BD; and anti-GM-CSF;
BioLegend). In all cases, antibodies were added at the time
of addition of MAIT cells to the cultures, and remained
present for the entire 3-d co-culture period.

To obtain Ly6C" CD11b* bone marrow monocytes,
CD11b" bone marrow cells from naive WT or MR17/~
mice were first enriched using anti-CD11b beads (STEM
CELL Technologies) according to the manufacturer’s in-
structions. Cells positive for Ly6C" and CD11b were flow
sorted using the FACSAria and Fusion instruments (BD).
Monocyte post-sort purity was >98%. These cells were
added to the co-cultures at a concentration of 5 X 10°
cells/well. The co-cultures were incubated at 37°C in 5%
CO; in ¢cDMEM for 3 d before collection of supernatants
and nonadherent cells for further analyses. To identify bone
marrow monocytes in the cultures, nonadherent cells were
gated to identify CCR2" Ly6C™ CD11b" cells. Differ-
entiation of these cells was evaluated based on coexpres-
sion of MHCII and CD11c.
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In vitro culture of bone marrow monocytes

with recombinant cytokines

Ly6C" CD11b" bone marrow monocytes were flow sorted
from WT and MR 1™~ mice as described above. These cells
were added to wells at a concentration of 2 X 10° cells/well
in the presence of either 100 ng/ml recombinant GM-CSF
or IFN-vy (eBioscience) in cDMEM. The cultures were incu-
bated at 37°C in 5% CO, in cDMEM for 3 d before collec-
tion of nonadherent cells for analyses. Nonadherent cells were
first gated to identify CCR2", Ly6C" and CD11b" cells. Dif-
ferentiation of these cells was evaluated based on coexpres-
sion of MHCII and CD11c.

In vivo depletion of GM-CSF

Antibodies for in vivo depletion used the anti-GM-CSF Ab
clone MP1-22E9 (BioLegend) or the rat IgG,, isotype con-
trol Ab clone RTK2758 (BioLegend), and were administered
to mice intraperitoneally at a concentration of 0.5 mg/injec-
tion on days 0 and +1 relative to 1.n. LVS infection (day 0).

Adoptive transfer experiments

WT C57BL/6] mice were infected with 2 x 10*> CFU i.n.
LVS. On day 4 after infection, lungs were harvested and sin-
gle-cell suspensions were prepared as described above.To ob-
tain purified Mo-DCs/CD11b" DCs, lung cells were stained
with the appropriate antibody cocktail, using a previously
described gating scheme (Hohl et al., 2009), and flow cytom-
etry-sorted for MHCIT® CD11¢” CD11b" and CD103™ cells
using the FACSAria and Fusion instruments (BD). Mo-DC
post-sort purity was >97%. 10° purified Mo-DCs were trans-
ferred intravenously to infected MR17/~ mice (previously
given 2 X 107 i.n. LVS) late on day 3 after infection. The time
for adoptive transfer was selected to allow the transferred Mo-
DCs to recover and migrate to the appropriate locations at a
time when we typically first observe Mo-DCs accumulating
in the lungs of WT mice (Fig. 1). On day 8 after infection, the
lungs of these mice were assessed for the presence of activated
TCRBTCD4™ T cells, which were identified as CD69* CD44",

Microscopy

CD11b" DCs were flow sorted from WT mice on day 4 after
i.n. LVS infection as described above. Cytospin preparations of
the sorted cells were examined by light microscopy.To obtain
purified inflammatory monocytes and Mo-DCs on day 4 after
in. LVS infection, lungs were harvested and single-cell sus-
pensions were prepared as described above. Cells were stained
with the appropriate antibody cocktail and sorted using flow
cytometry to obtain cells that were Ly6C" CD11b" CD11c”
(inflammatory monocytes) and cells that were Ly6C™ CD11b*
CD11c¢” (Mo-DGs). Cytospin preparations of sorted cells
were examined by light microscopy or confocal microscopy.
Cells assessed by confocal microscopy were first stained using
Hoechst nuclear dye (Life Technologies) and wheat germ
agglutinin-Alexa Fluor 594-conjugated membrane dye (Life
Technologies) according to the manufacturer’ instructions.
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Quantitation of cytokines in culture

supernatants and lung homogenates

Culture supernatants and lung homogenates were assayed
by Luminex assay for GM-CSF (Affymetrix/eBioscience)
and ELISA (Abcam) for M-CSE according to the manu-
facturer’ instructions.

Statistical analyses

All experiments were performed using five mice per exper-
imental group unless otherwise stated in the figure legend,
and repeated at least three times to assess reproducibility. Data
were analyzed via one-way ANOVA followed by the Stu-
dent-Newman-Keuls multiple stepwise comparison (for ex-
periments with more than two experimental groups).

Online supplemental material
Fig.S1 shows the flow cytometry gating used to examine bone
marrow monocytes co-cultured with Va19iTg Thy1.2" cells.
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