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Interleukin-12-Producing CD103™ CD11b~ CD8" Dendritic Cells Are
Responsible for Eliciting Gut Intraepithelial Lymphocyte Response
against Encephalitozoon cuniculi

Magali M. Moretto,? Danielle I. Harrow,? Teresa S. Hawley,® Imtiaz A. Khan?®
Department of Microbiology, Immunology, and Tropical Medicine® and Flow Cytometry Core Facility,” George Washington University, Washington, DC, USA

Microsporidia, which belong to the kingdom Fungi, are important opportunistic pathogens in HIV-infected populations and
organ transplant recipients that are often associated with a broad range of symptoms, such as diarrhea, nephritis, and encephali-
tis. Natural infection occurs via the oral route, and as a consequence, gut immunity plays an important role in restricting the
dissemination of these pathogens. Studies from our laboratory have reported that the pathogens induce a rapid intraepithelial
lymphocyte (IEL) response important for host protection. Although mucosal dendritic cells (DC) are likely involved in trigger-
ing an antigen-specific IEL response, the specific subset(s) responsible has yet to be identified. Toward this goal, we demonstrate
a very important role for mucosal CD11b~ CD8"* DC in the initiation of an antigen-specific IEL in vivo. Effectively, after Enceph-
alitozoon cuniculi infection, CD11b~ CD8* DC were activated in the lamina propria (LP) and acquired the ability to process
retinoic acid (RA). However, this subset did not produce interleukin 12 (IL-12) but upregulated CD103, which is essential for
migration to the mesenteric lymph nodes (MLN). Interestingly, CD103* CD11b~ CD8* DC in the MLN, in addition to process-
ing RA, also secreted IL-12 and were responsible for gut imprinting specificity on mucosal CD8 T cells. To the best of our knowl-
edge, this is the first report describing the importance of MLN CD103" CD11b~ CD8* DC isolated from infected animals in the

generation of an IEL response against a live pathogen.

uman microsporidiosis is an opportunistic infection caused

by a spore-forming unicellular eukaryote related to fungi,
most specifically zygomycetes (1). Of the 14 species infecting hu-
mans, Enterocytozoon bieneusi, Encephalitozoon intestinalis, En-
cephalitozoon cuniculi, and Encephalitozoon hellem are the most
common (2). The incidence of microsporidia in HIV patients re-
mains very high, especially in places such as Russia, Venezuela,
and Thailand, where microsporidium prevalence ranges from 13
to 80% (3-5). Lately, it has been reported that microsporidial
infections can cause complications in non-HIV populations, es-
pecially those receiving organ transplants (6-9). In a very recent
study, Kotkova et al. demonstrated that microsporidiosis was
probably a latent infection, which could reactivate in an immuno-
compromised situation, further highlighting the importance of
studying the immune response against this ubiquitous pathogen
(10).

An experimental murine model using E. cuniculi mimics the
human infection and has commonly been used to investigate the
host immune response (11). Most microsporidial species are ac-
quired by ingesting contaminated water or food, and the gut im-
munity to this pathogen still remains cryptic. Intraepithelial lym-
phocytes (IEL) form one of the first lines of immune defense in the
gut tissue (12), and their protective role against various pathogens
has been reported (13-16). Previous studies from our laboratory
demonstrated early and rapid induction of the IEL response after
microsporidial infection (17). This response, characterized by
gamma interferon (IFN-vy) expression and perforin-mediated cy-
totoxic activity, was able to confer partial protection on an immu-
nosuppressed host (17, 18). The role of dendritic cells (DC) in
priming the adaptive immune response is well established (19),
but the complex composition of the DC population in the gut has
made the task of identifying the subset(s) involved in eliciting the
IEL response against oral pathogens challenging. Recently, CD103
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expression by gut mucosal DC identified a subset with migratory
capability (20), and due to their ability to process retinoic acid
(RA), these cells induce selective imprinting of T cells with gut-
homing receptors a4f37 and CCR9 (21). Also, studies from our
laboratory suggested that the IEL response is very likely dependent
on IFN-y-producing DC, since in vitro stimulation of naive
splenic CD8 T cells by DC from the Peyer’s patches (PP) of IFN-
v/~ mice failed to upregulate IFN-y and CCR9 expression, and
cells did not traffic efficiently to the intestinal epithelium (18). In
this report, for the first time, in vivo studies demonstrate that
CD103" CD11b~ CD8" mucosal DC originating in the lamina
propria (LP) are critical for priming an IEL response against E.
cuniculi infection in vivo. This DC subset was activated in the
intestinal LP after E. cuniculi infection and subsequently migrated
to the mesenteric lymph nodes (MLN). While the CD103™"
CD11b~ CD8* DC in the LP upregulated retinaldehyde dehydro-
genase (RALDH), this subset could produce interleukin 12 (IL-
12), essential for CD8 IEL priming, only after migrating to the
MLN. Finally, we demonstrate that while all mucosal DC subsets
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FIG 1 Rapid dissemination of E. cuniculi after oral infection. C57BL/6 mice we
and MLN were measured by real-time PCR. ND, not detectable. (B) Some of the

re orally infected with 2 X 107 E. cuniculi spores. (A) Parasite burdens in the gut
animals were treated with FTY720 prior to infection, and parasite burdens in the

gut, PP, and MLN were assessed. Data represent results of 2 to 3 pooled experiments with at least 4 mice/group. (C) CD11c DTR mice were either treated with

diphtheria toxin (DT +) or left untreated (DT —) prior to oral infection with 2 X

107 E. cuniculi spores, and parasite burdens in the gut and MLN were determined

at day 2 p.i. Data represent results of at least 2 experiments with 3 to 4 mice/group.

have the ability to acquire antigen in vivo, the CD103" RALDH™"
IL-12" CD11b~ CD8™ subset exclusively triggers an antigen-spe-
cific IEL response in vivo.

MATERIALS AND METHODS

Mice and parasites. C57BL/6 mice (National Cancer Institute), IL-12p40
YFP (yellow fluorescent protein) reporter mice, CD11c DTR (diphtheria
toxin receptor) EGFP (enhanced green fluorescent protein) mice, and
YFP IFN-y reporter (great) mice (Jackson Laboratory) were housed at the
Animal Research Facility at The George Washington University (Wash-
ington, DC) under conditions approved by the Institutional Animal Care
and Use Committee. For in vivo treatment with FTY720, the animals
received 30 wg of FTY720 by intraperitoneal (i.p.) injection 6 h before
infection and had ad libitum access to drinking water complemented with
FTY720 (3.3 ug/ml) until the termination of the experiment. CD11¢ DTR
conditional knockout mice were depleted of DC by intraperitoneal injec-
tion of diphtheria toxin (100 ng/mouse) 6 h prior to infection.

E. cuniculi (genotype III) was provided by L. Weiss (Albert Einstein
College of Medicine, Bronx, NY). Unless otherwise specified, animals
were infected orally or intraperitoneally with 2 X 107 spores/mouse.

An antigenic extract was prepared by mechanical disruption of freshly
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harvested E. cuniculi spores with 0.5-mm zirconia/silica beads in a Mini-
Beadbeater (BioSpec Products Inc.). Insoluble antigens were removed by
centrifugation before sterile filtration.

Flow cytometry. Unless otherwise specified, LIVE/DEAD Aqua stain-
ing (Invitrogen) was systematically performed prior to any flow cytom-
etry analysis. Cells were acquired with a FACSCalibur cytometer with a
Cytek upgrade (Becton Dickinson [BD], Cytek Development Inc.). Cell
sorting was carried out with a BD FACSAria cytometer. Data were ana-
lyzed using FlowJo software (TreeStar). Fluorescence Minus One controls
were performed for most of the experiments.

In some experiments, RALDH was detected by a flow cytometry assay
using Aldefluor (Stemcell Technologies) according to the manufacturer’s
instructions. In the presence of RALDH, the substrate is retained in the
cells, and the amount of fluorescent product detected is proportional to
the RALDH activity in the cells. Diethylaminobenzaldehyde (DEAB), a
specific inhibitor of RALDH, was used as a control for background fluo-
rescence.

Parasite burden. Guts, livers, and spleens were harvested from in-
fected animals, and DNA was extracted with a DNeasy tissue kit (Qiagen).
Quantitative real-time PCR was performed with primers specific for the E.
cuniculi small-subunit (SSU) rRNA gene (5'-TGTGAGACCCTTTGACG
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FIG 2 DC activation at different mucosal sites. (A) The total numbers of MHC-II" CD11c™ cells in the LP, PP, and MLN of C57BL/6 mice were determined at
different time points after oral E. cuniculi infection. (B) Mice were either left untreated or treated with FTY720, and the numbers of CD11c™ cells in the LP, PP,
and MLN were assessed at day 2 p.i. (C) The expression of CD86 by CD11c™ cells was measured in the LP, PP, and MLN at day 2 p.i. Histograms are gated on total
CD11c” cells. inf, infected. (D) Graphs depict the average MFI of CD86 for CD11c" DC in each respective organ. The experiment was performed twice, and the

data represent results of one experiment.

GTGTTCT-3" and 5'-ACATTCAAAGCAGCTTCGTCAGCC-3') and
SsoAdvanced SYBR green supermix (Bio-Rad) on a Bio-Rad iCycler iQ
thermal cycler under the following conditions: 5 min at 95°C, followed by
40 cycles of 45 s at 95°C and 50 s at 58.5°C. Parasite DNA equivalents were
amplified concomitantly to generate a standard curve. The limit of detec-
tion of the assay was 5 spores.

For the detection of parasites in stools, fecal samples were collected
every other day, and DNA was isolated by using a QIAamp DNA stool
minikit (Qiagen) according to the manufacturer’s specifications. Samples
were analyzed by real-time PCR as described above.

Preparation of LP and MLN cell suspensions for flow cytometry.
MLN were harvested, and a single-cell suspension was obtained as de-
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scribed previously (22). An intestinal LP cell suspension was prepared
according to a published protocol (23) with some modifications. Briefly,
small intestines were collected and were flushed with phosphate-buffered
saline (PBS), and Peyer’s patches were excised. Epithelial cells were re-
moved by incubation in RPMI medium with 10% bovine serum, 5 mM
EDTA, and 15 mM HEPES. Subsequently, a single-cell suspension was
prepared by digestion with a combination of collagenase D and DNase I
before labeling for flow cytometry analysis or cell sorting.

Isolation of LP and MLN DC. Cell suspensions obtained as described
above were further enriched using a Nycodenz gradient, followed by neg-
ative selection for CD3, CD19, and NK1.1 with an EasySep biotin selection
kit (Stemcell Technologies) as recommended by the manufacturer. Live
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FIG 3 Responses of mucosal dendritic cell subsets. (A) IL-12p40 YFP mice were orally infected with 2 X 107 E. cuniculi spores, and phenotypic analysis of
CD11b* CD8™ and CD11b~ CD8™ subsets from the LP, PP, and MLN was conducted at day 2 p.i. Dot plots are gated on MHC-II* CD11c¢* DC. (B and C)
Frequency (B) and total number (C) of cells for each DC subset. (D) RALDH activity and IL-12 expression in the CD11b" CD8 ™ and CD11b~ CD8™ subsets
from the LP and MLN. Dot plots are gated on the CD11b™ CD8 ™ or CD11b~ CD8" subset from E. cuniculi-infected IL-12p40 YFP mice at day 2 p.i. (E and F)
Average frequency (E) or total number (F) of IL-12"* Aldefluor-positive (MLN) or Aldefluor-positive (LP) cells for both the CD11b* CD8 ™ and CD11b~ CD8"
DC subsets (1, 3 to 4 mice/group). (G) MFI of Aldefluor fluorescence for both DC subsets. Data represent results of at least 2 experiments with 3 mice/group.

CD11b* CD8™ and CD11b~ CD8" DC from both the MLN and the LP  adoptively transferred via tail vein injection. Seven days later, IEL were

were sorted after live/dead staining with Sytox Blue (Invitrogen).

Assay for splenic CD8* T cell restimulation by mucosal DC subsets.
Splenic immune CD8 ™ T cells were isolated from mice infected with 2 X
107 irradiated E. cuniculi spores (300 kilorads) and subsequently chal-
lenged twice (5 X 10° irradiated spores) at 3-week intervals. Bone mar-
row-derived DC (BMDC) prepared as described previously were used as a
negative control (24). Animals were sacrificed 3 weeks after the last chal-
lenge, and splenic CD8" T cells were purified using a biotinylated anti-
CD8p antibody and an EasySep biotin selection kit (purity, =85%). A
total of 2.5 X 10* DC were incubated with 10° CD8" T cells overnight
before the addition of monensin for 4 h, after which intracellular staining
was performed.

IEL response after adoptive transfer of mucosal DC subsets.
CDI11b* CD8 or CD11b~ CD8" DC subsets (25,000 cells/mouse) were
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isolated according to a protocol adapted from the work of Montufar-Solis
and Klein (25).

For the in vitro functional assay, freshly isolated IEL were restimulated
overnight with an antigenic extract (20 pg/ml) in the presence of an equal
number of splenocytes from congenically marked CD45.1 mice. After incu-
bation with CD107a and monensin, cells were labeled for flow cytometry.

Statistical analysis. Results are presented as means * standard devi-
ations. Comparisons between two groups were performed by Student’s ¢
test throughout the study.

RESULTS

Dissemination of E. cuniculi during oral versus intraperitoneal
infection. E. cuniculi is believed to be acquired primarily via the
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oral route and is characterized by the dissemination of spores to
different organs, including, but not restricted to, the brain, liver,
and kidneys (26). However, the early stages of propagation after
oral infection have yet to be elucidated. We wanted to determine if
the pattern of parasite dissemination was dependent on the route
of infection. As expected, animals that received the pathogen via
the oral route exhibited lower parasite burdens in the spleen and
liver than mice receiving a similar infective dose via intraperito-
neal (i.p.) challenge, suggesting an important role for the gut in-
nate immune response in early control of the infection (see Fig.
S1A in the supplemental material). Interestingly, the levels of
shedding of E. cuniculi spores in the stools were comparable irre-
spective of the route of infection (see Fig. S1C in the supplemental
material). To better analyze the early steps involved in the propa-
gation of the pathogen, orally infected animals were sacrificed at
different time points postinfection (p.i.), and the parasite burdens
in the tissues (gut and MLN) were quantified by real-time PCR. As
shown in Fig. 1A, the number of E. cuniculi spores detected in the
gut started to decrease at day 4 p.i., while concomitantly the num-
ber detected in the MLN increased steadily from day 1 until day 6
p.i., when the assay was terminated.

Previous studies have demonstrated that DC in the intestinal
mucosa constantly migrate from the gut to the MLN, where they
can initiate either immunity or tolerance (27). Moreover, these
cells have been reported to be involved in the dissemination of
various intracellular pathogens, such as Toxoplasma gondii, Liste-
ria monocytogenes, and Salmonella enterica serovar Typhimurium
(28-30). Studies were performed to determine if intestinal DC
played a role in the transport of E. cuniculi spores to the peripheral
tissues. For this purpose, mice were administered FTY720, a sph-
ingosine-1 phosphate (S1P) analog known to inhibit the egress of
lymphocytes from lymphoid organs (31) and to modulate DC
trafficking from the mucosa to the draining lymph nodes (32, 33).
Treatment of the animals with FTY720 caused a significant rise in
gut parasite burdens at 12 h (Fig. 1B), while levels in the MLN were
reduced at 24 and 48 h p.i., suggesting that early dissemination of
the parasite may be dependent on migration of DC, since they
represent the primary subset emigrating from the gut mucosa
(34). Importantly, treatment of E. cuniculi cultures with FTY720
in vitro had no adverse effect on their ability to infect or prolifer-
ate, ruling out the possibility of any toxic effect on the pathogen
(data not shown).

To further establish the involvement of DC in the dissemina-
tion of the parasite, CD11c DTR (diphtheria toxin receptor) mice
were utilized, because the injection of DT (diphtheria toxin) into
these transgenic animals allows the conditional depletion of
CD11c" cells. As shown in Fig. 1C, treatment of CD11c DTR mice
with DT significantly lowered the parasite burden in the MLN
compared to that in untreated controls, while the number of
spores in the lamina propria was increased. Therefore, depletion
of CD11c” cells compromised the dissemination of the parasite
from the gut mucosa.

DC response to E. cuniculi infection. DC are known to be an
essential component of the innate immune process and have the
ability to present antigens to naive T cells (19). As expected, phe-
notypic analysis shows significant increases in major histocom-
patibility complex class II-positive (MHC-II") CD11c™ cell pop-
ulations in the LP, MLN, and PP at day 2 p.i., which subsequently
subside in all the tissues by day 4 p.i. (Fig. 2A). Treatment with
FTY720 reduced the recruitment of these cells in both the MLN
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and the LP, even though DC egress from the tissue was diminished
in the absence of infection (Fig. 2B). Similarly, the significant up-
regulation of CD86 on mucosal DC observed at day 2 p.i. was
partially reversed by FTY720 treatment in the MLN and PP (Fig.
2C). It should be noted that the splenic CD11c response did not
increase after oral infection and that these cells showed only a
nominal increase in MHC-II expression, substantiating the ab-
sence of DC response in this organ at day 2 p.i. (see Fig. S2A to C
in the supplemental material).

Roles of CD11b* CD8~ and CD11b~ CD8" subsets after E.
cuniculi infection. DC are a heterogeneous population that con-
sists of two main subsets derived from distinct precursors, my-
eloid and lymphoid, based on the respective expression of the
CD11b or CD8a marker (35). However, subsets in the gut mucosa
are very complex, and the CD11c marker can be expressed by
different cell types, including resident macrophages and eosino-
phils (36). Nonetheless, these cells do not have the ability to prime
naive T cells (37). The role of the systemic CD11b~ CD8a™ DC
subset in the production of IL-12, a cytokine important for the
priming of effector T cell immunity (38), and in effective antigen
presentation in response to intracellular pathogens is well estab-
lished (39, 40). However, the function of this subset in the intes-
tinal LP is not well defined, and these cells may induce regulatory
T cell or Th1 differentiation (41, 42). To determine the potential
roles of the various subsets in the gut tissue, MHC-II" CD11¢*
cells from the different intestinal draining organs were assayed for
the expression of CD8a and CD11b at day 2 p.i. (Fig. 3A to C). The
frequency of CD11b™ CD8 ™ cells was not significantly elevated in
response to infection in any of the tissues tested (Fig. 3A and B).
However, increases in the absolute numbers for this subset were
noted in both the MLN and the LP (Fig. 3C). Conspicuously,
infection led to increases in both the frequency and the absolute num-
ber of the CD11b~ CD8™ subset (Fig. 3B and C). This increase in the
CD11b~ CD8" population in the MLN and PP was associated with
the decline in the LP, suggesting that these cells might originate in the
gut mucosa before trafficking to the PP and MLN.

One of the important functions of mature DC is IL-12 produc-
tion, which has long been associated with optimal CD8™ T cell
priming (38,43). In addition, recent studies have reported that the
gut mucosal DC play an essential role in the induction of prefer-
ential intestinal homing receptors a4p37 and CCR9 on T cells (44,
45). The imprinting of these receptors by intestinal DC is medi-
ated by RA, which is produced by RALDH (20, 46). Therefore, in
subsequent studies, we measured both IL-12 production, by using
reporter mice, and RALDH expression, by Aldefluor fluorescence
(37), in mucosal DC populations after E. cuniculi infection. In
comparison to the CD11b" CD8 ™ population, a greater frequency
of the CD11b~ CD8™ subset in the LP exhibited RA-generating
enzymes (Fig. 3D and E). However, the CD11b" CD8~ and
CD11b~ CD8™ subsets from the LP did not upregulate IL-12 ex-
pression in response to infection. On the other hand, in the MLN
from infected animals, Aldefluor-positive IL-12" cells were ob-
served almost exclusively within the CD11b~ CD8" subset. Fur-
thermore, based on the evaluation of mean fluorescence intensity
(MFI), the level of RALDH expression was greater in the MLN
CD11b~ CD8" population than in the same subset from the LP
(Fig. 3G). Administration of FTY720 to infected animals led to the
accumulation of these cells in the LP, while both the number and
the frequency of this subset were significantly reduced in the MLN
(see Fig. S3A to C in the supplemental material). Taken together,
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FIG 5 In vitro stimulation of immune CD8 T cells by mucosal DC subsets. CD11b™ CD8~ or CD11b~ CD8" DC subsets were isolated at day 2 p.i. from the MLN of
infected C57BL/6 mice or the LP of infected C57BL/6 mice treated with FTY720. (A) Cell suspensions from the LP and MLN before (left) and after (right) sorting are
shown after gating on live CD11c™ cells. (B) Magnetically enriched CD8 ™ T lymphocytes from infected IFN-y great mice were stimulated overnight with CD11b* CD8™
or CD11b~ CD8™" DC from either the LP or the MLN. Dot plots showing IFN-y, granzyme B (GrzB), TNF-q, and Ki67 expression are gated on live CD8« cells. The
negative control corresponds to nonstimulated BMDC (no antigen) incubated with immune CD8" T cells. (C) Graphs represent the frequencies of double-positive
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these observations strongly suggest that a significant fraction of
the MLN CD11b~ CD8" subset originates from the LP and that
these cells acquire the ability to secrete IL-12 upon migrating from
the intestinal mucosa to the MLN.

CD11b~ CD8" LP DC have enhanced migratory properties
after infection. Recent studies have demonstrated that CD103™
DC can migrate from the intestinal LP to the MLN under both
steady-state and inflammatory conditions (37). Furthermore,
CD103-expressing gut mucosal DC are believed to metabolize ret-
inol exclusively (37) and consequently have been shown to play a
critical role in the induction of homing receptors a437 and CCR9
on activated T cells (20). On the other hand, sessile macrophages
are unable to upregulate CD103, allowing us to discriminate be-
tween CD11b™ CD8~ CD11c¢™ DC and the macrophage popula-
tion (37). Therefore, CD103 expression by the different DC sub-
sets was assayed in the LP and MLN of infected animals. As shown
in Fig. 4A and B, higher frequencies of CD103* CD11b~ CD8™"
DCthan of CD103" CD11b* CD8~ DC were detected in both the
LP and the MLN in response to E. cuniculi infection. Since
CD11b~ CD8" DC constitute a minor population in both the
MLN and the LP compared to the CD11b* CD8 ™ subset, the total
number of CD103* CD11b~ CD8™ cells observed in both organs
was significantly lower than that of CD103* CD11b™ CD8~ DC.
However, the MFI for CD103 was notably higher in the CD11b~
CD8™ population in both the MLN and the LP. Treatment of
animals with FTY720 selectively inhibited the trafficking of the
CD103" CD11b~ CD8™ DC from the LP to the MLN (Fig. 4C and
D). As expected, CD103 expression by CD11b~ CD8" DC is
strongly correlated with RALDH expression alone in the LP or
with RALDH and IL-12 expression in the MLN (Fig. 4E and F).
These findings strongly suggest that CD103-expressing LP
CD11b~ CD8" DC migrate to the MLN after E. cuniculi infection.
Also, if DC in the LP are generally hyporesponsive, as is commonly
believed, their hyporesponsiveness may explain the lack of IL-12
expression by LP CD11b~ CD8" DC and likely impairs their abil-
ity to stimulate a robust CD8™ T cell response.

Role of CD11b~ CD8" DC in eliciting an IEL response. The
data presented above suggest a major role for the CD11b~ CD8™"
DC subset in priming the T cell response during oral E. cuniculi
infection. Next, experiments were performed to establish if this
population was involved in triggering a mucosal T cell response
against the pathogen. For this purpose, DC subsets (CD11b™
CD8™ and CD11b~ CD8™") from the MLN and LP were isolated
from infected animals. In order to obtain a sufficient number
from the LP, the cells were extracted from infected animals that
received FTY720 (Fig. 5A). The purified DC subsets were cultured
separately with CD8" T cells isolated from infected IFN-vy re-
porter mice. Although both DC subsets were able to stimulate
CD8™ T cells (as measured by upregulation of IFN-y, tumor ne-
crosis factor alpha [TNF-a], and Ki67) in vitro, the CD11b~
CD8" subset from either the LP or the MLN elicited a better
response than CD11b™ CD8 ™ cells (Fig. 5B and C). In conclusion,

Migrating Mucosal DC Prime IEL Response

all DC subsets from infected animals were able to present in vivo-
acquired antigens to purified immune T cells.

Finally, to address the abilities of the different DC populations
to prime the naive CD8 T subset, cells were isolated from infected
mice as described above. Subsequently, they were adoptively
transferred to naive mice (2.5 X 10* cells/mouse), and the IEL
response was evaluated at 7 days posttransfer. As shown in Fig. 6A,
the frequency of the cytotoxic IEL response (based on CD107a
expression) was significantly higher in the recipients that received
the MLN CD11b~ CD8* DC than in those treated with any of the
other subsets. The failure of LP CD11b~ CD8" DC to induce an
antigen-specific IEL response could be attributed to their inability
to upregulate IL-12 in the gut mucosa. Furthermore, as shown in
Fig. 6B, IEL from animals treated with MLN CD11b™ CD8" DC
displayed a significant increase in the frequency of both IEL-spe-
cific activation markers CD43 and Ly6C (47). Similarly, the fre-
quency of gut IEL expressing the homing receptor a437 (48) was
also increased in these recipients (Fig. 6C). These observations
demonstrate that although all the mucosal DC subsets isolated
from infected animals have the ability to present E. cuniculi anti-
gens and thereby stimulate the splenic immune CD8" T cells in
vitro, the IEL response triggered in vivo relies exclusively on the
MLN CD11b~ CD8" DC. This strongly underscores their impor-
tance in the generation of mucosal immunity against this signifi-
cant pathogen. Overall, our findings strongly suggest that due to
their ability to secrete RA and IL-12, CD11b~ CD8™" DC facilitate
the development of antigen-specific mucosal CD8" IEL immu-
nity against E. cuniculi infection.

DISCUSSION

Information regarding the role of the gut-associated lymphoid
tissue (GALT) in the initiation of the immune response against
oral pathogens, although beginning to evolve, is still limited. Even
though the role of IEL in protection against other orally acquired
viral and parasitic infections has been demonstrated (13-16), the
mechanism involved in eliciting this immune population has not
been completely elucidated in an infectious model. In the current
study, we identify the subset of DC responsible for triggering the
mucosal response against an oral pathogen, Encephalitozoon cu-
niculi. Both CD11b" CD8~ and CD11b~ CD8" DC can present
antigen and stimulate immune CD8" T cells, but our in vivo
studies demonstrate that only CD11b~ CD8" DC are capable
of priming naive cells. Furthermore, our data demonstrate that
although LP CD11b~ CD8" DC have the ability to process
retinoic acid, they are unable to produce IL-12 and, as a result,
cannot elicita CD8™ T cell response. However, once this subset
migrates to the MLN, it acquires the ability to produce this
cytokine, which is critical for the development of a robust
CD8™ T cell response.

The role of DC in priming a T cell response is well established
(19), and the subset expressing CD8a is a critical source of IL-12
during acute infection (39). But as shown in the current report,

FIG 6 The MLN CD11b~ CD8" DC subset isolated from infected mice elicits a significant IEL response. LP or MLN DC subsets (CD11b" CD8 ™ or CD11b™
CD8" DC) from mice treated as described above were sorted and adoptively transferred via tail vein injection (2.5 X 10* cells/mouse). (A) Gut IEL cytotoxic
responses from recipients were assessed 7 days later via expression of CD107a. (B) Activation of the IEL was measured after transfer with CD43 and Ly6C. (C)
a4B7 expression by CD8« IEL showing newly recruited cells. Graphs depict the frequencies or total numbers of CD8a3 IEL that are CD107a™, CD43™ Ly6C™,
or a4B7" cells. All dot plots (A to C) are gated on live CD8af IEL. CD8" and CD11b™ labels on graphs correspond to CD11b~ CD8" and CD11b* CD8 ™~ DC,

respectively. Data represent results of at least 2 experiments with 3 mice/group.
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this population is very underrepresented in the LP. The impor-
tance of CD8a* DC in the mucosal T cell response was demon-
strated in Batf3-deficient mice (49), which lack both conventional
CD8a* DC and CD11b~ DC in mucosal tissues and displayed a
suboptimal CD8" T cell response to pulmonary infection with
Sendai virus. Moreover, Fujimoto et al. reported that LP CD8a™
DC (42) can express different Toll-like receptors (TLR) and pro-
duce IL-12 in response to ex vivo treatment with CpG oligodeoxy-
nucleotides (ODN). These cells induced a Thl as well as a cyto-
toxic T lymphocyte (CTL) response when stimulated with OVA
(ovalbumin) antigen but failed to express any of the isoforms of
RALDH (42). In contrast to these findings, our study, for the first
time, demonstrates that CD11b~ CD8" DC from the LP express
RALDH, while the same subset in the MLN produce both RALDH
and IL-12, in response to an infection. Studies have shown that RA
processing by DC from the gut mucosa induces the expression of
the mucosal homing receptors a4f37 and CCR9 on effector T cells,
allowing them to traffic back to the tissue (44—46). In the present
study, MLN CD11b~ CD8" DC, which are responsible for trig-
gering the IEL response, were the only subset to upregulate both
RALDH and IL-12 in response to infection. On the other hand, LP
CD11b~ CD8" DC can process RA but are unable to elicit a sig-
nificant mucosal response, highlighting the critical role of IL-12 in
this process. Similar to our findings, Lantier et al. demonstrated
that DC from the LP produced only moderate amounts of IL-12
after Cryptosporidium parvum infection (50). The suboptimal
IL-12 response by LP CD11b~ CD8" DC can be explained by the
environmental conditions in the gut, which is continuously ex-
posed to alarge array of foreign antigens. To discriminate between
harmless commensals, food antigens, and invasive pathogens, LP
DC may need to play an anti-inflammatory role by upregulating
IL-10 and type I IFN, as reported in an OVA model (51). As stated
above and in support of our findings, IL-12 production by LP
CDI11b~ CD8" DC was not detectable in this study.

LP CD103" DC migrate to the MLN under both steady-state
and inflammatory conditions and represent a major conventional
population (20). Schulz et al. have reported that intestinal
CD103™" DC loaded with OVA can exhibit a classical DC function
and initiate a significant immune response in the MLN (37). The
importance of CD103™ DC in the mucosal immune response
against an oral pathogen is further emphasized by a very recent
study using a neonate model of C. parvum infection (50). In agree-
ment with these observations, we demonstrate in this study that
LP CD103" CD11b~ CD8" DCare able to traffic to the MLN and
that S1P blockade inhibits this process. Once in the MLN,
CD103" CD11b~ CD8" DC upregulate RALDH and IL-12 and
initiate an IEL response against infection.

Based on our current study and earlier reports, CD11b™ CD8~
CD11c" cells represent a major population of the gut mucosa
(52). Although the number of these cells was increased in response
to the infection, and a fraction of them expressed CD103 and
therefore represented bona fide dendritic cells, they were unable
to prime an IEL response in vivo. Our findings are different from
those of Cerovic et al., who showed that intestinal CD103~
CD11b* DC were able to migrate to the MLN and prime OT-Iand
OT-II T cells (27). The differences between our observations and
those of Cerovic et al. may be attributed to the requirement for
different DC subsets to prime T cell responses against a live infec-
tion versus an inert antigen. Furthermore, distinct DC subsets
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may be programmed for different functions depending on the
nature of the stimulus.

Overall, the data presented in this article, for the first time,
report that MLN CD11b~ CD8" DC express both IL-12 and
RALDH, while LP CD11b~ CD8" DC express only RALDH,
which could be due to their incomplete maturation. Interestingly,
the lack of IL-12 production and RALDH expression does not
seem to affect the abilities of the various DC subsets to stimulate
immune CD8" T cells in vitro, suggesting that both CD11b~
CD8" and CD11b" CD8~ DC from the gut have the ability to
process and present antigens. Nevertheless, our findings differ
from a previous report showing that both CD8" and CD8~ MLN
DC support antigen-dependent generation of CCR9" adf7™
OT-1T cells in vitro (44), further emphasizing the differences in
the requirements for mucosal T cell priming against a live patho-
gen.

The data obtained in the present study are critical in that they
underline a very important role for the mucosal CD11b~ CD8™"
DC subset in eliciting an intestinal IEL response against E. cuniculi
infection. However, they raise the following questions, which re-
quire further investigation. (i) The CD11b™ CD8™ cell population
is increased in response to the infection but appears to play only a
minimal role in the elicitation of the IEL (adaptive) immune re-
sponse. The phenotypic distribution of the monocytes after E.
cuniculi infection is still unknown, and the importance of sessile
macrophages in parasite clearance needs to be studied, as they
might be important for control of the initial infection before the
initiation of adaptive immunity. (ii) The inability of CD11b™
CD8" DC from the LP to produce IL-12 needs further attention.
One of the reasons could be a downregulatory environment in the
gut, possibly caused by this pathogen. (iii) The nature of the stim-
ulus triggering IL-12 production by the DC subset in the MLN
needs to be evaluated. Future studies in our laboratory will at-
tempt to address these very important issues.
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