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Parasite Proximity Drives the Expansion of Regulatory T Cells in
Peyer’s Patches following Intestinal Helminth Infection

llaria Mosconi, Lalit Kumar Dubey, Beatrice Volpe, Julia Esser-von Bieren, Mario M. Zaiss, Luc Lebon, Joanna C. Massacand,
Nicola L. Harris

Global Health Institute, Department of Life Sciences, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Helminth infections are typically chronic in nature; however, the exact molecular mechanisms by which these parasites promote
or thwart host immunity remain unclear. Worm expulsion requires the differentiation of CD4™ T cells into Th2 cells, while reg-
ulatory T cells (Tregs) act to dampen the extent of the Th2 response. Priming of T cells requires drainage or capture of antigens
within lymphoid tissues, and in the case of intestinal helminths, such sites include the mucosa-associated Peyer’s patches (PPs)
and the draining mesenteric lymph nodes (MLN). To gain insight into when and where the activation of the adaptive T cell re-
sponse takes place following intestinal helminth infection, we analyzed Th2 and Treg responses in the PPs and MLN following
infection with the murine intestinal helminth Heligmosomoides polygyrus bakeri. Protective Th2 responses were observed to be
largely restricted to the MLN, while a greater expansion of Tregs occurred within the PPs. Interestingly, those PPs that formed a
contact with the parasite showed the greatest degree of Treg expansion and no evidence of type 2 cytokine production, indicating
that the parasite may secrete products that act in a local manner to selectively promote Treg expansion. This view was supported
by the finding that H. polygyrus bakeri larvae could promote Treg proliferation in vitro. Taken together, these data indicate that
different degrees of Treg expansion and type 2 cytokine production occur within the PPs and MLN following infection with the

intestinal helminth H. polygyrus bakeri and indicate that these organs exhibit differential responses following infection with

intestinal helminths.

I ntestinal helminths infect up to one in four individuals, dispro-
portionately affecting impoverished populations lacking access
to adequate water, sanitation, and opportunities for socioeco-
nomic development (1, 2). Following infection, a type 2 immune
response is initiated, which involves the rapid activation and en-
gagement of cells belonging to both the innate and the adaptive
immune systems (3). The adaptive response is characterized by
the induction of CD4™ Th2 cells, which secrete cytokines such as
interleukin-4 (IL-4), IL-5, IL-9, and IL-13. Th2 cells in turn pro-
mote B cell responses and IgE secretion (4). However, many hel-
minths can additionally drive immunosuppression, allowing the
establishment of a chronic infection (5-7). Often, such suppres-
sion is not confined solely to the parasite-specific response but
also extends to bystander antigens. Indeed, epidemiological and
experimental evidence indicates that helminth infection can result
in the suppression of immune-mediated disorders, including al-
lergy, autoimmunity, and inflammatory bowel disease (7). One of
the mechanisms by which infection by helminths may lead to im-
munosuppression is their potential to promote regulatory T cell
(Treg) expansion (7). However, the molecular mechanisms con-
trolling the expansion and activation of helminth-induced Tregs
are only just beginning to be elucidated.

Infection with the natural murine parasite Heligmosomoides
polygyrus bakeri is a common experimental model used to study
immune responses and chronicity following intestinal helminth
infection (8, 9). H. polygyrus bakeri enters the gastrointestinal tract
as third-stage infective larvae (L3) and then penetrates the epithe-
lial cell barrier of the small intestine to develop within the submu-
cosa to L4; during this period, the parasite elicits a strong type 2
inflammatory response (10, 11). When it is fully mature, the hel-
minth exits the intestinal mucosa to populate the intestinal lumen,
where it establishes a chronic infection as a sexually mature adult
(12-14). Subsequent infections of immunocompetent mice result
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in the rapid trapping of the larvae and abbreviate the infection in
amanner dependent on CD4™ T cells, IL-4, macrophages, and the
generation of helminth-specific antibodies (14, 15). Although the
mechanisms by which H. polygyrus bakeri establishes chronicity
following primary infection remain unclear, it is well established
that this parasite possesses potent immunomodulatory properties
(16). Indeed, it was previously shown that H. polygyrus bakeri can
ameliorate various inflammatory diseases, such as allergic asthma
(17, 18) and inflammatory bowel disease (18, 19), and promote de
novo FoxP3 expression by splenocytes in vitro (20).

The two main inductive sites where immune responses against
pathogens dwelling in the upper small intestine can be initiated
are the draining mesenteric lymph nodes (MLN) and mucosal
Peyer’s patches (PPs). PPs are composed of aggregated lymphoid
follicles proximal to specialized epithelial cells, M cells, that trans-
port luminal antigens and bacteria to underlying immune cells
(21). The MLN lie within the connective tissue of the mesentery
and collect antigens from lymphatics draining the entire small
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intestine and parts of the colon (22). Dendritic cells (DCs) sample
enteric antigens in the intestinal lamina propria (LP) and trans-
port them to the MLN, where they are presented to lymphocytes
(23). As the life cycle of H. polygyrus bakeri involves stages where
the parasite is present in both the small intestinal submucosa and
the lumen, we predicted that the immune response was likely to
occur in both the MLN and PPs with various kinetics. Surpris-
ingly, however, we noted that effector Th2 cell cytokine produc-
tion was most prominent in the MLN, while Treg accumulation
was greater in PPs. Moreover, we observed that increased Treg
expansion and the absence of type 2 cytokine production within
PPs were most marked in those patches forming contacts with the
invasive larvae. In vitro cocultures revealed the ability of larvae to
directly drive the expansion of Tregs. These data indicate that
distinct immune responses are initiated in the MLN or PPs de-
pending on the proximity of the organ to invading parasitic larvae.

MATERIALS AND METHODS

Ethics statement. All animal experiments were approved by the Service de
la Consummation et des Affaires Vétérinaires (Epalinges, Canton Vaud,
Switzerland) with authorization number 2238. Animal experiments were
performed according to institutional guidelines and Swiss federal and
cantonal laws on animal protection.

Mice, parasites, and treatments. C57BL/6 mice were purchased from
Charles River and maintained at the Ecole Polytechnique Fédérale de
Lausanne (EPFL) animal facility under specific-pathogen-free (SPF) con-
ditions. RAG-1"/" mice (24) were bred and maintained under SPF con-
ditions at the EPFL animal facility. Where indicated, mice were then in-
fected orally with 200 H. polygyrus bakeri L3. For in vivo depletion of
CD25" cells, C57BL/6 mice were injected with 1 mg of anti-CD25 anti-
body (clone PC61; BioXcell, West Lebanon, NH, USA) via the intraperi-
toneal route on the day of infection. Control mice were injected with a rat
IgG1 isotype control (clone HRPN; BioXcell). PPs were determined to be
H. polygyrus bakeri positive when the visible area of the lymphoid tissue
formed direct contacts with at least one parasitic larva. Patches that did
not form physical contacts with a larva were classified as H. polygyrus
bakeri negative.

Mononuclear cell isolation from PPs and MLN. PPs and MLN were
excised and incubated with phosphate-buffered saline (PBS) containing
EDTA at 37°C for 15 min. Organs were then smashed and filtered through
a 40-pm gauze (BD Biosciences, Franklin Lakes, NJ, USA). Single-cell
suspensions were then stained for flow cytometry. Where indicated, sin-
gle-cell suspensions were enriched for CD4™ T cells by magnetic cell sort-
ing using the CD4™ T cell isolation kit (Miltenyi Biotec, Gladbach, Ger-
many) according to the manufacturer’s instructions. The purity of CD4 ™
T cells was regularly =85%.

Flow cytometry. Antibodies and the corresponding clones (in paren-
theses) used for flow cytometry, including CD4-Pacific blue (GK1.5),
CD103-biotin (M290 or 2E7), CD25-phycoerythrin (PE)-Cy7 (PC61),
programmed cell death protein 1 (PD1)-PE (RMP1-30), glucocorticoid-
induced tumor necrosis factor receptor family-related gene (GITR)—fluo-
rescein isothiocyanate (FITC) (DTA-1), and streptavidin-allophycocya-
nin (APC), were purchased from BD Biosciences or Biolegend (San Diego,
CA, USA). FoxP3-Alexa Fluor 700 (FJK-16a; eBioscience, San Diego, CA)
and Ki-67 PE (B56; BD Biosciences) were used in combination with a
FoxP3 staining kit (eBioscience). Data were acquired on an LSRII flow
cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star
Inc., Ashland, OR, USA).

Real-time quantitative PCR (RT-qPCR). Total RNA was isolated
from all intestinal specimens using Tri reagent (Molecular Research Center
Inc., Cincinnati, OH, USA) and Direct-zol kits (Zymo, Irvine, CA, USA) and
reverse transcribed by using RevertAid reverse transcriptase (Fermentas,
Thermo Fisher Scientific Inc., Wohlen, Switzerland). Transcribed cDNA was
used as a template for PCR. The relative gene expression level was calculated
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by using GenEx software (MultiD Analyses AB, Géteborg, Sweden) and nor-
malized to the expression level of the housekeeping gene. Data were expressed
as means =+ standard errors of the means (SEM). Where indicated, data were
normalized to values for naive controls. Sequences of the primers used were as
follows: 5'-CTTTTCACGGTTGGCCTTAG-3" and 5'-CCCTGAAGTACC
CCATTGAAC-3' for B-actin, 5'-GGGTGTGAACCACGAGAAAT-3" and
5'-CCTTCCACAATGCCAAAGTT-3' for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), 5'-TGTCATCCTGCTCTTCTTTCTC-3" and 5'-G
CACCTTGGAAGCCCTAC-3' for IL-4, 5'-TGACAAGCAATGAGACGAT
GA-3"and 5'-CCCACGGACAGTTTGATTCTTC-3’ for IL-5, and 5-TCCA
GCCTCCCCGATACC-3" and 5'-AGCAAAGTCTGATGTGAGAAAGG-3'
for IL-13.

Antibiotic treatment. Where indicated, C57BL/6 mice were treated
with 2.5 mg/ml enrofloxacin in drinking water for 2 weeks, followed by 0.8
mg/ml of amoxicillin and 0.114 mg/ml clavulanic acid in drinking water
for a minimum of two further weeks prior to infection. Mice were then
infected orally with H. polygyrus bakeri L3 previously washed with enro-
floxacin (5 mg/ml), amoxicillin (2 mg/ml), and clavulanic acid (0.2 mg/
ml) in PBS for a period of 4 to 6 h. Treatment with amoxicillin and
clavulanic acid was continued throughout the experiment. For all exper-
iments, intestinal bacteria were either ablated by antibiotic treatment or
dramatically reduced (by a factor of 10°), as determined by bacterial plat-
ing of cecal contents under aerobic and anaerobic conditions and by mi-
croscopic examination of cecal smears stained with Gram’s stain and Sy-
tox green nucleic acid stain (Life Technologies). The absence of fungi was
also confirmed by staining of cecal smears with calcofluor white (Fluka,
Sigma-Aldrich).

In vitro culture of CD4" splenocytes. CD4™ T cells were isolated
from spleens of naive C57BL/6 mice, and H. polygyrus bakeri L4 were
isolated from RAG ™/~ mice at 4 days postinfection (dpi) using a modified
Baermann apparatus and washed with RPMI-10% fetal calf serum (FCS)
containing 0.2 mg/ml gentamicin, penicillin, and streptomycin. A total of
8 X 10 cells were then plated in a 24-well plate in the presence or absence
of approximately 50 L4. Where indicated, the medium was supplemented
with soluble anti-CD3 antibody at a final concentration of 1 mg/ml. After
48 h, cells were stained to assess Treg numbers and proliferation.

Statistics. Statistical analysis was performed using Student’s t test or
one-way or two-way analysis of variance (ANOVA) with posttest analysis,
as appropriate. P values of <0.05 were considered significant. Graph gen-
eration and statistical analyses were performed using Prism version 6.0d
software (GraphPad, La Jolla, CA).

RESULTS

Th2 cell responses are largely restricted to the mesenteric lymph
nodes following intestinal helminth infection. PPs and MLN are
secondary lymphoid organs where adaptive immune responses
against intestinal antigens are initiated. We therefore analyzed the
generation of effector CD4™" T cells in PPs and MLN following H.
polygyrus bakeri infection. The immune response to H. polygyrus
bakeri is dominated by the production of type 2 cytokines, includ-
ing IL-4, IL-5, and IL-13 (25). We isolated cells from PPs and
MLNat0, 3, 6,12, and 21 dpi and measured the expression of IL-4,
IL-5, and IL-13 mRNAs by RT-qPCR, since this technique allows
us to analyze cytokine expression directly ex vivo. As shown in Fig.
1A, very small, or no, increases in cytokine mRNA expression
levels were observed in PPs (P = 0.021 for IL-4, P = 0.1403 for
IL-5, and P = 0.2849 for IL-13, as determined by one-way
ANOVA), while expression levels of all three cytokines increased
significantly in the MLN, peaking at day 12 (P = 0.0276 for IL-4,
P = 0.0007 for IL-5, and P = 0.0044 for IL-13, as determined by
one-way ANOVA) (Fig. 1B). These data indicate that PPs and
MLN differentially support type 2 cytokine production in vivo. We
reasoned that one explanation for these data may be the increased
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FIG 1 PPs exhibit an early Treg response and a decreased effector T cell response compared to those in MLN following H. polygyrus bakeri infection. (A and B)
RT-qPCR analysis of IL-4, IL-5, and IL-13 mRNA expression levels in freshly isolated tissues from PPs (A) or MLN (B) of naive or H. polygyrus bakeri-infected
mice at 3, 6, 12, and 21 dpi. Data are normalized to values for -actin, GAPDH, and naive controls and are from one of two independent experiments (n = 3 per
group). Data are expressed as means = SEM (¥, P < 0.05; **, P < 0.01 [as determined by one-way ANOVA with Dunnett’s multiple-comparison test]). (C)
RT-qPCR analysis of IL-4, IL-5, and IL-13 mRNA expression levels in the CD4 ™ fraction isolated from PPs or MLN of naive or H. polygyrus bakeri (Hpb)-infected
mice (10 dpi). Results are normalized to $-actin and GAPDH values and were pooled from two experiments showing similar responses (cells from 8 to 9 mice
per group were pooled for each data point). Data are expressed as means = SEM (***, P < 0.001; ****, P < 0.0001; ns, not significant [as determined by two-way
ANOVA with Tukey correction]). (E and F) Cells were isolated from PPs or MLN of naive or H. polygyrus bakeri-infected mice at 7, 14, 21, and 28 dpi and analyzed
by flow cytometry. Data for CD25"&" FoxP3™ (E) and CD103* CD25"" FoxP3* (F) cells are shown as a percentage of CD4* cells. Data from one of two
independent experiments are shown (n = 5 per group) and expressed as means = SEM (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 [as determined

by one-way ANOVA with Dunnett’s multiple-comparison test]).

proportion of CD4™ T cells present in the MLN compared to that
in PPs (20 to 40% of total cells in the MLN versus 10% in PPs [see
Fig. SIA in the supplemental material]). We therefore repeated
the experiment using purified CD4" T cells. These data again
indicated that type 2 cytokine mRNA expression was barely de-
tectable in PPs of infected mice while being significantly increased
in the MLN (P = 0.0008 for IL-4, P = 0.0001 for IL-5, and P <
0.0001 for IL-13, as determined by two-way ANOVA) (Fig. 1C).
Activated CD25"#" FoxP3™ cells accumulate in PPs early fol-
lowing intestinal helminth infection. It was previously reported
that H. polygyrus bakeri infection promotes the expansion of
CD103™ (also known as integrin ;) Tregs in the MLN at late time
points following infection (20, 26-28). We therefore additionally
investigated the presence of Treg responses in PPs and MLN of H.
polygyrus bakeri-infected mice by analyzing the percentages and
activation status of FoxP3-positive cells. As shown in Fig. S1B in
the supplemental material, the percentage of total FoxP3™ cells
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increased as early as 7 dpi in PPs (P < 0.0001 by one-way
ANOVA), whereas no changes were observed in the MLN (P =
0.0130 by one-way ANOVA). At later time points, the percentages
of FoxP3™ cells in the two organs were comparable. Both CD25'"
(P < 0.0001, as determined by one-way ANOVA) (see Fig. S2A in
the supplemental material) and CD25™8" (P < 0.0001, as deter-
mined by one-way ANOVA) (Fig. 1D) FoxP3™ cells were observed
to expand in PPs. However, the predominant population of
Foxp3™ cells was CD25"&",

We next analyzed the expression of CD103, a well-established
marker for murine effector/memory-like Tregs which is expressed
following their activation in vivo (29). We observed a marked
increase in the proportion of CD103 " regulatory T cells within the
CD25M8" FoxP3 ™, but not the CD25'" Foxp3*, subset within PPs
(Fig. 1E; see also Fig. S2B in the supplemental material). The in-
creased proportion of CD103" CD25™#" FoxP3™ cells in PPs
peaked at day 7 following H. polygyrus bakeri infection (P <
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0.0001, as determined by one-way ANOVA) and remained until
the last time point analyzed, at day 28 (Fig. 1E). In keeping with
our above-described data, the percentage of CD103" CD25"ieh
FoxP3™ cells was higher in PPs than in the MLN at all analyzed
time points (Fig. 1E), and an increase was observed only for the
MLN at 28 dpi. We next analyzed the expression of other activa-
tion markers, such as the glucocorticoid-induced tumor necrosis
factor receptor family-related gene (GITR) and programmed cell
death protein 1 (PD1), within the CD25"" Foxp3* population.
As shown in Fig. S3A and S3B in the supplemental material,
CD25"8" FoxP3™ cells from PPs of infected mice exhibited in-
creased expression of GITR already at 7 dpi (P < 0.0001, as deter-
mined by one-way ANOVA), whereas in the MLN, the expression
of GITR was upregulated only at later time points (P < 0.0001, as
determined by one-way ANOVA). The expression of PD1 was
mostly unchanged in PPs at 7 and 14 dpi (P < 0.0001, as deter-
mined by one-way ANOVA) (see Fig. S3C and S3D in the supple-
mental material) and slightly downregulated in the MLN (P <
0.0001, as determined by one-way ANOVA) (see Fig. S3Cand S3D
in the supplemental material). We also analyzed the expression of
Helios, an Ikaros transcription factor family member, which, al-
though controversial, has been proposed to differentiate thymus-
derived from peripherally induced FoxP3* Tregs in the intestine
(30). Of interest, Helios-negative Tregs have been shown to arise
in the colon of germfree mice upon colonization (31-33). How-
ever, in the context of H. polygyrus bakeri infection, we could not
detect any significant difference in the proportions of Helios-neg-
ative cells within the CD25"" FoxP3" populations residing in
PPs and those residing in the MLN at early time points, whereas
later in infection, we observed a decrease in the percentage of
Helios-negative cells within the CD25"&" FoxP3™ populations in
both PPs and MLN (P < 0.0001 and P = 0.0001 for PPs and MLN,
respectively, as determined by one-way ANOVA) (see Fig. S2E
and S2F in the supplemental material).

Taken together, these data indicate that CD25"" FoxP3™" cells
exhibiting an increased expression level of CD103 accumulate in
PPs throughout the course of H. polygyrus bakeri infection,
whereas they accumulate in the MLN only at late time points (28
dpi).

Expansion of CD25"8" FoxP3™ cells contributes to the low-
er-level Th2 response observed in PPs. In order to determine the
impact of the observed increase in the proportion of CD25"€"
FoxP3™ cells within PPs on the effector Th2 response, we spe-
cifically depleted this population using an anti-CD25 mono-
clonal antibody (PC61). As shown in Fig. S4A and S4B in the
supplemental material, PC61 treatment effectively depleted
CD25"8" FoxP3™ Treg cells but had little impact on CD25'"
FoxP3™" Treg cells in both PPs and MLN. Depletion of CD25"s"
FoxP3™ cells resulted in enhanced production of the type 2
cytokines in PPs at 7 dpi (P = 0.0006 and P = 0.0002 for IL-4
and IL-13, respectively, as determined by one-way ANOVA) (Fig.
2A), with very little difference being observed between the 2
groups by 14 dpi. In the MLN, a trend for increased cytokine
production in PC61-treated mice was noted at 7 dpi, and signifi-
cantly increased IL-5 production was observed at 14 dpi (P <
0.0001, as determined by one-way ANOVA) (Fig. 2B). Despite this
trend for increased type 2 cytokine production in both PPs and
MLN following PC61 treatment, the level of cytokine mRNA ex-
pression in PPs was still lower than that observed for the MLN. Of
note, PC61 treatment also led to the depletion of CD25"e"
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FIG 2 PC61 administration partially restores cytokine production in PPs at 7
dpi. Data from RT-qPCR analysis of IL-4, IL-5, and IL-13 mRNA expression
levels in freshly isolated tissues from PPs (A) or MLN (B) of naive or H.
polygyrus bakeri-infected mice at 7 and 14 dpi are shown. On the day of infec-
tion, mice were treated with PC61 or the isotype control antibody, as indicated.
Data were normalized to values for B-actin and are from one of two indepen-
dent experiments (n = 3 to 4 per group). Data are expressed as means + SEM
(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 [as determined by
one-way ANOVA with Dunnett’s multiple-comparison test]).

FoxP3™ cells in both the MLN and PPs. We do not know the true
identity of these cells, but it is possible that they also contribute to
the regulation of type 2 cytokine production.

These data indicate that CD25"¢" FoxP3 ™ cells act to suppress
Th2 cytokine production in both PPs and MLN. Moreover, the
greater proportion of CD25"¢" FoxP3™ cells in PPs than in the
MLN likely contributes to, but does not fully explain, the in-
creased capacity of the MLN to support the development of effec-
tor Th2 responses.

Intestinal bacteria do not contribute to the accumulation of
regulatory T cells observed in the PPs following helminth infec-
tion. Select bacterial species residing in the intestinal lumen have
been described to impact effector and regulatory T cell responses
(31, 32, 34-37) and to drive homeostatic proliferation of CD4™ T
cells in PPs and MLN (38). Intestinal bacteria are also known to
shape the microenvironment of PPs to promote IgA production (39).
We therefore sought to investigate whether the presence of intestinal
bacteria contributed to the increased accumulation of Tregs within
PPs following helminth infection. For this purpose, we treated specif-
ic-pathogen-free (SPF) mice with the broad-spectrum antibiotics en-
rofloxacin, amoxicillin, and clavulanic acid (see Materials and Meth-
ods) to reduce the number of intestinal bacteria present. As expected,
analysis of control SPF mice at 7 dpi revealed an increased proportion
of CD25"€" FoxP3™ cells in PPs (P = 0.0249, as determined by two-
way ANOVA), whereas no increase was observed in the MLN (P =
0.9773, as determined by two-way ANOVA) (Fig. 3A). Antibiotic
treatment did not affect the accumulation of CD25"" FoxP3™ cells
in PPs or the MLN (Fig. 3A); however, a small impact on the propor-
tion of PP cells expressing the activation marker CD103 was noted
(P = 0.0232, as determined by two-way ANOVA) (Fig. 3B). These
data indicate that intestinal bacteria do not contribute to the in-
creased accumulation of CD25"" FoxP3 ™" cells observed for PPs fol-
lowing H. polygyrus bakeri infection but partially contribute to the
activation status of these cells.

CD25"8" FoxP3™ cell expansion within Peyer’s patches pos-
itively correlates with the presence of helminth larvae within, or
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FoxP3™ Tregs was observed for H. polygyrus bakeri-positive PPs
(P < 0.0001, as determined by one-way ANOVA), with a smaller
increase being observed for H. polygyrus bakeri-negative PPs (Fig.
4C and D). To understand whether the increased proportion of
Tregs found in H. polygyrus bakeri-positive PPs correlated with a
difference in the Th2 response, we analyzed the expressions of
IL-4, IL-5, and IL-13 in H. polygyrus bakeri-positive and H. po-
lygyrus bakeri-negative PPs. Strikingly, we observed that H. po-
lygyrus bakeri infection resulted in increased IL-4 and IL-13 pro-
duction in H. polygyrus bakeri-negative PPs, while cytokine
mRNA levels in H. polygyrus bakeri-positive PPs were decreased
even below the levels observed for total PPs from naive mice (P =
0.0003 and P < 0.0001, respectively, as determined by one-way
ANOVA) (Fig. 4E and F). The expression of IL-5 was unchanged
across all groups (P = 0.55, as determined by one-way ANOVA)
(Fig. 4G). These data indicate that contact of PPs with tissue-
invasive larvae correlates with an increased accumulation of acti-
vated Tregs and decreased type 2 cytokine production. This sup-
ports our above-described findings indicating that Tregs can
suppress type 2 cytokine production in PPs and indicates that Treg
expansion may be driven by direct exposure to parasitic products.

Helminth larvae drive Treg proliferation in vivo and in vitro.
We next determined the impact of helminth larvae on the prolif-
eration of Tregs by assessing the expression of the nuclear protein
Ki-67, whose expression is strictly associated with cellular prolif-
eration (40). As shown in Fig. 5A and B, the proportion of Ki-67-
positive cells within the CD25"¢" FoxP3™" population was signif-
icantly higher in PPs than in MLN (P < 0.0001, as determined by
two-way ANOVA). On the contrary, no significant differences
were detected in the FoxP3™ populations present in PPs or MLN
(P =0.2765, as determined by two-way ANOVA) (Fig. 5C and D).
These data indicated that helminth-induced proliferation of
CD25"€" FoxP3™" cells may underlie the increased accumulation
of these cells within PPs at early time points (day 7) following
infection.

To test this hypothesis, we cultured naive CD4™" splenocytes in
the presence or absence of live L4. Both the proportion (P <
0.0001, as determined by Student’s ¢ test) (Fig. 5E) and total num-
ber (P < 0.0001, as determined by Student’s ¢ test) (Fig. 5F) of
CD25" " Foxp3™ cells were increased in cultures containing live
L4, and this was associated with corresponding increases in the
proportion and number of Ki-67" FoxP3™ cells (P = 0.0004 for
percentages and P < 0.0001 for numbers, as determined by Stu-
dent’s t test) (Fig. 5G and H). Of note, a slight decrease in the
proportion, but not in the number, of FoxP3™ T cells was noted
(P < 0.0001 for percentages and P = 0.1693 for numbers, as de-
termined by Student’s ¢ test) (Fig. 51 and J). No impact on the
proportion or number of cells expressing Ki-67 was noted for
FoxP3™ T cells (P = 0.7502 for percentages and P = 0.3917 for
numbers, as determined by Student’s ¢ test) (Fig. 5K and L). These
data indicate that H. polygyrus bakeri larvae secrete or shed prod-
ucts that are able to drive the rapid proliferation of CD25"¢"
FoxP3™ T cells but not Foxp3™ T cells.

DISCUSSION

Tregs are thought to play a dual role during infectious disease,
functioning to dampen host immunity (41, 42) and to protect the
host against excessive immunopathology (26, 43—45). In the pres-
ent study, we observed a differential response in PPs and MLN in
terms of Treg or effector Th2 immunity following intestinal hel-
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minth infection. H. polygyrus bakeri infection resulted in an in-
creased accumulation of regulatory T cells in PPs at both early
(days 7 and 14) and late (days 28 and 40) time points following
infection, while these cells were observed to accumulate only tran-
siently within the MLN. Tregs from PPs also showed a more acti-
vated phenotype, with a greater proportion of CD25"" FoxP3™"
cells being positive for CD103 and exhibiting a higher surface
expression level of GITR. In contrast, PPs exhibited no or little
type 2 cytokine production, while the MLN exhibited a strong
accumulation of Th2 cells.

The most likely explanation for the dominant regulatory re-
sponse in PPs is the contact of some of these tissues with invasive
larvae, as Treg accumulation was greater in PPs containing larvae
than in those located distal to larvae. In support of this conclusion,
we observed an ability of H. polygyrus bakeri L4 to promote the
proliferation of Tregs in vitro. A previous report demonstrated
that adult H. polygyrus bakeri products can promote the conver-
sion of naive T cells into Tregs (20), indicating that H. polygyrus
bakeri may expand Tregs through the expansion of thymic Tregs
and by eliciting inducible Tregs. That H. polygyrus bakeri can ad-
ditionally promote the proliferation of thymic Tregs is supported
by our observations that helminth-induced accumulation of
Tregs within PPs occurred at very early time points postinfection
(day 7) and was not associated with a loss of Helios expression.
The observed early accumulation of Tregs in PPs also indicates
that helminth-induced Treg proliferation may not be antigen spe-
cific.

Although we showed that larval products promoted Treg pro-
liferation in vitro, these findings do not rule out the possibility that
additional factors contribute to their in vivo expansion following
H. polygyrus bakeri infection. One such factor may be tissue dam-
age caused by the invasion of helminth larvae, which could poten-
tially result in the production of soluble factors that instruct Treg
expansion. Another possibility is that infection allows concurrent
bacterial translocation and that the bacteria contribute to the Treg
response. In this regard, our experiments in mice treated with
antibiotics indicated that the presence or absence of bacteria did
not impact helminth-induced accumulation of Tregs but that bac-
teria may contribute, at least in part, to the activation status of
Tregs within PPs.

Why H. polygyrus bakeri infection should lead to effector Th2
responses in the MLN but not PPs may be partially due to the
increased proportion of Tregs within PPs, as increased Treg num-
bers correlated with an absence of Th2 responses at this site, and
depletion of CD25"" FoxP3* cells led to a greater Th2 response.
However, Treg depletion did not fully restore type 2 cytokine pro-
duction in PPs and also impacted Th2 responses in the MLN. As
cells can migrate from PPs to the MLN, depletion of regulatory T
cells resident in PPs might be expected to impact effector T cell
responses in both PPs and MLN. Alternatively, the increased pro-
portion of CD25"" FoxP3* cells in PPs compared to that in the
MLN may not be the only factor contributing to different effector
responses in these organs. The MLN is known to receive both
soluble antigens that are taken up by resident DCs and antigen-
loaded DCs that have received stimulatory signals leading to their
migration from the intestinal lamina propria (46). In contrast, PPs
receive antigens mainly via M cells that are subsequently pro-
cessed by resident DCs (22). Thus, different DC subsets, and/or
activation states, within the MLN versus PPs may contribute to the
differential induction of effector Th2 cells in these organs.
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FIG 5 H. polygyrus bakeri larvae promote the proliferation of CD25"&" FoxP3™ cells in vitro. (A to D) Ki-67 expression was assessed in cells isolated from PPs
and MLN of naive or H. polygyrus bakeri-infected mice at 7 dpi. The percentages of Ki-67" cells within the CD4" CD25"#" FoxP3* (A) and CD4" FoxP3~ (C)
populations as well as representative histograms of Ki-67 expression (B and D) are shown. Results are pooled from data from two independent experiments (n =
3 to 6 per group) and expressed as means = SEM (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 [as determined by two-way ANOVA with Tukey’s
multiple-comparison test]). (E to L) CD4" splenocytes were isolated from naive C57BL/6 mice and incubated for 48 h in presence or absence of H. polygyrus
bakeriL4. Percentages (E and I) and total numbers (F and J) of CD25"" FoxP3* (E and F) and FoxP3~ (I.and J) cells within the CD4* population are shown.
Percentages of Ki-67* cells within the CD25"" FoxP3" (G) and FoxP3™~ (K) populations are also shown. Total numbers of Ki-67* CD25"¢" FoxP3* (H) and
Ki-67" FoxP3~ (L) cells are represented. Results are pooled from data from two independent experiments and expressed as means = SEM (*, P < 0.05; **, P <

0.01; ¥*%, P < 0.001; ****, P < 0.0001 [as determined by Student’s ¢ test]). Each condition was analyzed in triplicate.

As indicated above, helminth infection led to only a small in-
crease in the proportion of Tregs within the MLN, yet Treg deple-
tion augmented Th2 immunity within this organ. This finding
indicates that Tregs can actively suppress helminth immunity in
the MLN and is in keeping with data from other studies demon-
strating increases in the accumulation and suppressor function of
MLN Tregs following H. polygyrus bakeri infection (26, 28). The
authors of those studies reported an increase in the proportion of
MLN Tregs expressing CD103 (26, 28), while we observed only a
transient increase in the accumulation of total CD25™¢" FoxP3 ™
cells and no increased CD103 expression in the MLN. The reasons
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for this discrepancy are unclear, but they may be related to differ-
ences in intestinal bacterial communities across individual breed-
ing colonies, as in the present study, we noted a small impact of
intestinal bacteria on CD103 expression by Tregs in PPs. Also, it is
not clear whether the functional Tregs present in the MLN arise
there or migrate from the intestine or PPs. The migration patterns
of Tregs arising in response to intestinal helminth infection would
be of interest for future studies.

In summary, our data reveal differential immune responses in
PPs and MLN following intestinal helminth infection, with PPs
harboring increased numbers of activated Tregs with little or no

iai.asm.org 3663

Downloaded from https://journals.asm.org/journal/iai on 09 November 2023 by 155.105.136.235.


http://iai.asm.org

Mosconi et al.

Th2 responsiveness and the MLN exhibiting a strong Th2 re-
sponse but limited Treg expansion. The preferential expansion of
Tregs and the relative absence of type 2 cytokine production
within PPs were closely associated with contact with live parasites.
Moreover, parasitic larvae were able to promote Treg prolifera-
tion in vitro, indicating that H. polygyrus bakeri may promote local
Treg responses in vivo by acting directly on FoxP3™ cells to pro-
mote their expansion. Future studies could assess the potential of
helminth products to drive intestinal Treg expansion in therapeu-
tic settings, such as in the treatment of food allergies.
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