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Abstract

Helminthic infections modulate host immunity and may protect people in less developed countries
from developing immunological diseases. In a murine colitis model, the helminth
Heligmosomoides polygyrus bakeri (Hpb) prevents colitis via induction of regulatory dendritic
cells (DCs). The mechanism driving the development of these regulatory DCs is unexplored. There
is decreased expression of the intracellular signaling pathway spleen tyrosine kinase (Syk) in
intestinal DCs from Hp- infected mice. To explore the importance of this observation, it was
shown that intestinal DCs from DC-specific Syk ~/~ mice were powerful inhibitors of murine
colitis suggesting that loss of Syk was sufficient to convert these cells into their regulatory
phenotype. DCs sense gut flora and damaged epithelium via expression of C-type lectin receptors
many of which signal through the Syk signaling pathway. It was observed that gut DCs express
MRNA encoding for CLEC7A, 9A, 12A and 4N. Hpb infection down modulated CLEC mRNA
expression in these cells. Focusing on CLEC7A, which encodes for the dectin-1 receptor, flow
analysis showed that Hpb decreases dectin-1 display on the intestinal DC subsets that drive Th1/
Th17 development. DCs become unresponsive to the dectin-1 agonist curdlan and fail to
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phosphorylate Syk after agonist stimulation. Soluble worm products can block CLEC7A and Syk
MRNA expression in gut DCs from uninfected mice after a brief /n vitro exposure. Thus, down-
modulation of Syk expression and phosphorylation in intestinal DCs could be an important
mechanism through which helminths induce regulatory DCs that limit colitis.
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INTRODUCTION

Many diseases caused by immune dysregulation are frequent in developed nations, but
uncommon in less developed countries. Helminths are worm-like parasitic organisms that
frequently infect humans in geographic regions with low prevalence of these diseases.
Helminthic infections are strong inducers of immune-regulatory circuits. This suggests that
loss of helminthic infections in developed countries due to improved sanitation and a clean
food supply could be one of the factors promoting the rise in immune-mediated diseases like
inflammatory bowel disease (IBD). Several clinical and epidemiologic studies support this
concept (1).

Animal models of colitis have shown that helminths modulate intestinal inflammation
through enhancement of immune regulation. Cells implemented in this regulation include
Tregs (2—-4), macrophages (5-9) and dendritic cells (DCs) (10,11).

Alterations in DC function may be particularly important as demonstrated in a Rag/T cell
transfer model of IBD. T and B cell-deficient Rag mice reconstituted with IL10™~ T cells
develop colitis. Rag mice infected with Heligmosomoides polyqyrus bakeri (Hpb) before
IL10~/~ T cell reconstitution are protected from the disease (10). The mechanism underlying
this protection involves induction of regulatory DCs in the intestinal mucosa (10). Compared
to DCs from uninfected animals, intestinal DCs isolated after Hpb infection only weakly
support antigen-driven, IFN+y and IL17 secretion. Furthermore, DCs isolated from the
intestines of Hpb-infected Rag mice transferred into colitis-susceptible mice block colitis
(11). How these regulatory DCs quell colitis is only partly characterized (11).

DCs are the critical link between innate and adaptive immunity. They sample intestinal
luminal contents and present antigens to T cells inducing their differentiation and
proliferation, or perhaps rendering them inert (12,13).

Intestinal DCs sense threats coming from the gut through display of pattern recognition
receptors. These are inherited, germ-line encoded receptors that instinctively engage classes
of molecules common to many types of bacteria, fungi, viruses, helminths or host dead or
dying cells. One family of such receptors is the C-type lectin receptors (CTLR). Many
groups of CTLR are called CLECs, which are mostly transmembrane receptors that engage
their ligands inducing intracellular signaling that alters cellular function (14). Many CLECs
activate DCs via phosphorylation of the Syk signaling pathway (15).
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In earlier experiments, microarray analysis was performed on intestinal DCs isolated from
Hpb-infected and uninfected control mice to better understand how Hpb infection affects
gene expression in gut DCs. The microarray data suggested that Hpb infection profoundly
inhibited gene expression for nearly all of the CLECs expressed by the intestinal DCs and
Syk (15).

Using rt-PCR, the present study confirmed the microarray data showing that DCs from the
intestine express MRNA for Syk, and for CLEC 7A, 9A, 12A, and 4N whose levels of
expression were substantially decreased by AHpb infection. Syk™~ DCs transferred into a
murine model of inflammatory bowel disease inhibited colitis and induced regulatory DCs in
the intestines that could block an antigen-induced, T cell response /n vitro. Focusing on
CLEC7A mRNA, which encodes for the receptor dectin-1, flow analysis showed a marked
decrease in the display of this receptor on intestinal DC subsets after Hpb infection. Cells
with diminished dectin-1 failed to respond to the dectin-1 agonist, curdlan, with Syk
phosphorylation or enhanced antigen-induced T cell IFN-y/IL17 secretion. Moreover, Hpb
secretes molecules that directly inhibit Syk and CLEC expression in these cells. Thus, it
appears that down-modulation of the Syk signaling pathway is an important mechanism
through which Hpb helps promote the development of regulatory DCs that control colitis.

MATERIALS AND METHODS

Mice
This study used Rag1, wild-type (WT), IL-107~ and OT2 CD45.1 mice (Jackson
Laboratory, Bar Harbor, ME) as well as Sykf and Sykff CD11c-cre mice (gift of Dr.
Clifford A. Lowell, University of California, San Francisco, CA). The Syk mice were cross
bred to get Syk~/~ CD11c mice (16). All mice were on the C57BL6 background. Breeding

colonies were maintained in SPF facilities at Tufts University. Animals were housed and
handled following national guidelines and as approved by our Animal Review Committee.

Hpb infection
For some experiments, 5- to 6-wk-old mice were colonized with 125 Hpb third stage larvae
by oral gavage, and infected mice were used after two weeks. Infective, ensheathed Hpb L3
(U.S. National Helminthological Collection no. 81930) were obtained from fecal cultures of
eggs by the modified Baermann method and stored at 4°C.

Histological assessment of colitis severity

Stained histological sections of colon tissue were examined by two blind observers to assess
the severity of inflammation. The process of tissue preparation and the 4-poimt scoring
system are as previously described (17).

Dispersion of splenocytes and mesenteric lymph node (MLN) cells, and isolation of splenic
T cells

Single cell suspensions of splenocytes and MLN cells were prepared by gentle teasing in
RPMI 1640 medium (RPMI) (GIBCO, Grand Island, NY). The cells were washed three
times in RPMI. Splenic T cells were isolated by negative selection using the EasySep mouse
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T cell enrichment kit as outlined by the manufacturer (Stemcell Technologies, #19751,
Vancouver, Canada). Viability was determined using exclusion of trypan blue dye.

Lamina propria mononuclear cells (LPMC) isolation and LP cell fractionation

Gut LPMCs were isolated from the terminal ileum as described (18). Cell viability was 90%
as determined by trypan blue exclusion. Dendritic cells (DC) (CD11c*) were isolated from
dispersed LPMC by CD11c positive selection (Kit #18758, Stem Cell Technologies,
Vancouver, Canada) according to kit directions. The beads used to isolate CD11c* cells from
the gut recovered about 85% of these cells at about 95% purity as determined by FACS. The
beads displayed equal efficiency at isolating both the CD11c" and CD11c!® subsets.

Real-time PCR (rt-PCR)

Total RNA was isolated from individual samples using Quick-RNA Mini Prep (Zymo
Research, Irvine, CA) as per manufacturer’s instructions. RNA quality and quantity was
determined using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA
was converted to cDNA using gScript cDNA SuperMix (Quanta Bioscience, Gaithersburg,
MD). Rt-PCR was performed using the Eco rt-PCR System (lllumina, San Diego, CA).
GAPDH levels were used to normalize the data. Tagman real time primers for CLEC7A, 9A,
12A, 4N; Syk, GADPH, HPRT and Reg3 were obtained from Applied Biosystems (Grand
Island, NY).

Curdlan preparation

Curdlan (Invivogen cat # tlrl-cur, San Diego CA) (10 mg) is a linear beta-1.3-glucan that
was dissolved in 1 ml of 0.1N NaOH. This was then diluted to 1 mg/ml in complete medium
(see under “cell culture™) and used in cultures at 100 ug/ml.

Production of Hpb excretory/secretory product (HES)(19)

HES was from Dr Mary Stevenson, McGill University, Canada. The Hpb were collected
from the gut of infected mice and cultured in serum free RPMI with 2% glucose and
antibiotics (Pen, Strep, Gentamycin, polymyxin). The supernatant was collected after 36 hrs
of culture and concentrated using a 3KDa concentrator.

Sandwich ELISAs

ELISAs were performed using paired antibodies. To measure IFNy, plates were coated with
amAbto IFNy (HB170, ATCC) and incubated with supernatant. IFNy was detected with
polyclonal rabbit anti-IFNy (gift from Dr. Mary Wilson, University of lowa) followed by
biotinylated goat anti-rabbit 1IgG (AXcell, Westbury, NY). IL17 ELISA was done using
primary capture mAb and biotinylated anti-IL17A mAb (R & D Systems, Minneapolis,
MN).

Flow cytometry

LLPMC were washed twice and adjusted to 1x107 cells/ml in the RPMI medium containing
10% FCS, 25 mM HEPES buffer, 2 mM L-glutamine, 5 x 1075 M 2-ME, 1 mM sodium
pyruvate, 100 U/ml penicillin, 5 mg/ml gentamicin, and 100 mg/ml streptomycin (complete
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medium) (all from Life Technologies, Gaithersburg, MD) and stained with saturating
amounts of conjugated mAb for 30 min at 4°C. Following staining, cells were washed twice
and re-suspended in complete medium for analysis on the BDLSRii Flow cytometer using
FACSDIVA V6.1.1 software (BD, Bioscience, Mountain View, CA). Before adding labeled
mADb, each tube received 1 pg of anti-Fc mAb to block nonspecific binding of conjugated
Abs to FcRs. The mAbs used for staining or cell sorting were anti-CD11c-FITC; anti-
CD103-PE or APC; anti-Dectin-1-PE (all above from eBioscience, San Diego, CA); CD11b-
APC-Cy7 (from BD Pharmingen).

Induction and modulation of colitis, and cell culture experiments

The first series of experiments determined if intestinal DCs from WT or Syk™'~ mice could
inhibit colitis in the Rag IL10~/~ T cell-reconstituted/piroxicam-induced model of
inflammatory bowel disease. Rag mice of similar age (5-6 wk old) were reconstituted i.p.
with 4 x 106 1L107/~ splenic T cells. Some mice also received 4 x 104 TI DCs i.p. from WT
or Syk™~ mice. After one week, mice were feed food with the non-steroidal anti-
inflammatory drug called piroxicam for two weeks to induce colitis. Then, mice were
sacrificed one week after stopping the piroxicam (11). The colons were removed, opened,
rolled onto glass rods, fixed in formalin, section 4 um thick and stained with H&E for
histological scoring of the intestinal of inflammation using a 4-point scale. Also, intestinal
LPMC from IL10~/~ T cell- or IL10~/~ T cell/DC-reconstituted Rag mice were cultured (2 x
105 cells per well) for 48h in 96-well round-bottomed plates along with OT2 cells (10° cells/
well). Cells were cultured in complete medium alone or with OVA (50 ug/ml) (Worthington
Biochemicals #3054 Lakewood, NJ) to stimulate cytokine secretion. After culture, the
supernatants were assayed for IFNy and IL17A using ELISAs (described above). In some
experiments, curdlan (100 ug/ml) and OVA were added to the cell cultures to determine if
curdlan (CLEC7A agonist) would enhance cytokine release.

In other experiments, intestinal DCs isolated from piroxicam-treated Rag mice that had
received WT or Syk~/~ DC were mixed /n vitrowith LPMC isolated from colitic Rag mice
that received no supplemental DCs to determine if these DCs could modulate the /n7 vitro
OVA response. Rag mice were reconstituted with 1L10™~ T cells and either WT or Syk™~
DCs and then treated with piroxicam as described above. Then, intestinal CD11c DCs were
isolated and cultured in complete medium with intestinal LPMC derived from Rag mice
reconstituted just with 1L10~/~ T cells and treated with piroxicam. These cultures also
contained OT2 cells, and some wells received OVA for the 48 h cultures before measuring
the cytokines in the supernatants.

The final series of experiments involved culturing intestinal DCs isolated from Rag mice
with or without HES to determine if HES could directly down-modulate Syk or CLEC7A
expression in these cells. The DCs (2x10°) were cultured for 2 hrs with or without HES (50
ug/ml). Then, RNA was extracted and analyzed for Syk and CLEC7A mRNA expression
using rt-PCR.
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Intracytoplasmic staining for phosphorylated Syk

CD11c¢*103" intestinal DCs from either Hpb-infected or uninfected Rag mice were isolated
by FACS. DCs were placed in complete medium, and DCs (5x10%) were cultured 5 min at
37°C in the presence or absence of the dectin-1 agonist, curdlan (100 ug/ml). The DCs then
were fixed, permeabilized and intracellularly stained for phosphorylated Syk following the
eBioscience intracellular staining protocol using anti-Syk-phosph-PE or APC (from
eBioscience).

Treatment of mice with Syk inhibitor

Mice were treated with the Syk inhibitor, Cerdulatinib cat # S7634 ( Selleckchem Houston,
Texas) to determine if it can inhibit colitis in the Rag/IL10-/- T cell transfer model of
colitis. The Inhibitor was dissolved in 5% DMSO and 95% corn oil as recommended by
Selleckchem technical services. The inhibitor was started after the first week of piroxicam
treatment and continued on weekdays for two weeks for a total of ten days treatment. The
drug was dosed at 5mg per kg body weight. Mice were given the inhibitor dissolved in 0.1
ml via oral gavage once in the morning and once in the late afternoon. The last inhibitor
treatment was given the day before sacrifice.

Statistical analysis

Data are means £SE of multiple determinations. Difference between two groups was
compared using Student’s t-test. Multiple group comparisons used analysis of variation and
Dunnett’s t-test. P values <0.05 were considered significant.

RESULTS

Hpb infection leads to a down-modulation of Syk expression in intestinal DCs

Rag mice, after infection with Hpb, develop regulatory DCs in their intestines that can
control colitis when transferred into a murine 1L10~/~ T cell model of IBD (20). Previous
microarray analysis showed that AHjpb infection caused a marked decreased in Syk expression
in these gut DCs. This was confirmed by rt-PCR analysis of RNA extracted from intestinal
DCs isolated from Rag mice infected with Hpb (Figure 1). Hpb infection also substantially
reduced Syk expression in DCs isolated from MLN, but not spleens of infected mice.

DCs deficient in Syk are sufficient to inhibit colitis

The next series of experiments determined if the Syk signaling pathway was important for
development of DCs that control colitis. These studies used intestinal DCs from uninfected
WT mice and transgenic mice with a Syk deficiency limited to the CD11c+ DCs. Rag mice
received IL10~/~ T cells administered i.p. Some mice also received WT or Syk™/~ DCs. After
NSAID administration to induce colitis, the animals were sacrificed four weeks later to
assess severity of colitis and the responsiveness of isolated LPMC to OVA stimulation after
OT2 cell supplementation (Figure 2A, experimental design).

Figure 2B/C show, as expected, that severe colitis developed in Rag mice receiving no DCs.
Mice receiving intestinal DCs from WT mice fared no better. Intestinal Syk™~ DC murine
recipients displayed a reduction in the intensity of the inflammatory response.

J Immunol. Author manuscript; available in PMC 2017 October 01.
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LPMC isolated from Rag mice that received either no DCs or WT DCs produced substantial
amounts of IFN-y and IL17 when cultured /n vitro with OVA. However, LPMC from mice
receiving Syk™~ DCs showed blunted responsiveness to OVA stimulation (Figure 2D).

The intestines of Rag mice protected from colitis by Syk™~ DC transfer contain regulatory

DCs

The above experiments suggest that Syk~'~ intestinal DCs from mice never infected with
Hpb can protect mice from colitis. To further test the significance of this observation, it next
was determined if animals protected from colitis by Syk™~ DC transfer have regulatory type
DC within their intestines.

Rag mice were reconstituted with splenic 1L10~/~ T cells, and then treated with piroxicam to
induce colitis. One week after stopping the piroxicam, the mice were sacrificed, and the
intensity of the colitis was scored by examining histological tissue sections. Also, intestine
was dissociated to isolate the LPMC, which were cultured with OT2 cells /n vitro with or
without OVA to stimulate IFN+y and IL17 release.

In parallel, a second group of age-matched Rag mice received similar IL10™~ T cells along
with gut WT or Syk™~ DCs. They also were treated with piroxicam. One week after
stopping the piroxicam, the mice were sacrificed and their colitis also was scored for
intensity of inflammation by examining histological sections. In these mice, intestine was
dissociated to isolate intestinal DCs, which were added to some of the cultures of LPMC
from the severely colitic mice who received no supplement DCs to see if these DC would
affect the OVA response. (Figure 3, experimental design)

Once again, 1L107/~ T cell-reconstituted, Rag mice developed severe colitis after piroxicam
treatment, unless they received Syk™~ DCs (data not shown). Isolated LPMC from the
colitic mice produced IFNvy and I1L17 after OVA stimulation (Figure 3B). Only intestinal
DCs from the Rag mice protected from colitis by Syk~ DC transfer diminished OVA-
induced, cytokine secretion when they were added /n vitro to the LPMC from the colitic
animals. There was little or no IL4 or IL10 in the culture supernatants (<<100 pg). The
amount of I1L4 and IL10 did not increase with addition of DCs. We previously showed that
DCs block colitis independently of 1L10 (4).

Hpb infection decreases CLEC receptor expression in TI DCs

Microarray analysis suggested that intestinal DCs strongly express four types of
transmembrane CLEC receptors (CLEC7A, 9A, 4N and 12A), all of which affect Syk
signaling, whose expression was inhibited by Hpb infection. To confirm this observation,
DCs were isolated from the intestines of Hpb-infected mice or their uninfected littermate
controls. Their RNA was extracted, converted to cDNA and checked for CLEC mRNA
expression using rt-PCR. Figure 4 shows that gut DCs express mRNA for CLEC7A, 9A, 4N
and 12A. Moreover, Hpb infection substantially reduced the level of CLEC mRNA
expression in gut DCs from Hpb-infected mice compared to that in DCs from uninfected
control mice.

J Immunol. Author manuscript; available in PMC 2017 October 01.
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Hpb infection did not alter the relative proportion of LPMC expressing the DC marker
CD11c (Figure 5A). CD11c+ DCs in the intestinal lamina propria can be subdivided into
several functionally distinct subsets based on their differential expression of CD11b and
CD103 (12,13). Further analysis of CD11c+ DCs from the T1 showed no change in the
relative proportion of these cells displaying CD11b, CD103 or both markers during Hpb
infection (Figure 6A). Thus, the effect of Hpb infection on DC CLEC receptor expression
did not simply result from the ingress of CLEC receptor negative DCs into the lamina
propria diluting the resident DC population.

Hpb infection decreased dectin-1 expression on intestinal DC

CLECTA encodes for a cell surface receptor called dectin-1. Availability of various reagents
allowed the analysis of dectin-1. To further explore the importance of the above observation,
experiments focused on the consequence of down-modulation of CLEC7A receptor mMRNA
expression with regards to dectin-1 display.

Flow analysis showed that intestinal DCs displayed dectin-1 and that fewer cells expressed
this receptor after Hpb infection (Figure 5B). It next was determined which subsets of
intestinal DCs expressed dectin-1. Flow analysis showed that dectin-1 was expressed on the
CD11c+ CD103+CD11b+, the CD11c+ CD103+CD11b- and the CD11lc+ CD103-CD11b+
DC subsets. Hpb infection substantially reduced dectin-1 expression only on DC subsets that
were CD103+CD11b+ CD11c+ and CD103+CD11b- CD11c+ (Figure 6B). Also, the
relative degree of fluorescence was lower on these dectin-1-positive DCs during Hpb
infection suggesting lower density of receptor display.

DCs with diminished dectin-1display do not respond to curdlan

DCs are the major initiators and regulators of mucosal T cell responses. Engagement of
CLECs by molecules derived from microorganisms or dying host cells often transmit
molecular signals leading to DC activation and enhanced adaptive immune responses.
Dectin-1 recognizes B-1,3-glucans often found in the cell walls of fungi (21). Curdlan, a
B-1,3-glucan, is a dectin-1 agonist.

It was determined if this dectin-1 agonist would facilitate intestinal DC interactions with
effector T cells and if Hpb infection altered this response. Splenic T cells from OT2
transgenic mice, which respond to ovalbumin antigen (OVA), were used in these
experiments.

First, intestinal DCs from uninfected mice were mixed with splenic OT2 T cells and cultured
with or without OVA in the present or absence of curdlan to see if this dectin-1 agonist
would enhance IFN-y and IL17 secretion. We chose to measure these cytokines because
IFNy and IL17 drive colitis in most models of IBD. Also, CD11b+ CD103+ DCs are
particularly noteworthy for their capacity to drive mucosal Th17 cell differentiation (22),
whereas, CD11c+ CD103+CD11b- DCs can drive Thl polarization and IFN-y production
(23). OT2 cells mixed with intestinal DCs from uninfected mice produced IFNy and IL17 in
response to OVA (Figure 7). The cells stimulated with OVA secreted substantially more
IFN-y and IL17 when curdlan was added to the culture mix. Cells stimulated with only
curdlan did not release cytokines.

J Immunol. Author manuscript; available in PMC 2017 October 01.
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Similar experiments were performed using gut DCs isolated from Hpb-infected mice. When
OT2 T cells were cultured with intestinal DCs from Hpb-infected mice, OVA still stimulated
IFNy and IL17 release; however curdlan failed to enhance cytokine production (Figure 7).

Engagement of dectin-1 with its ligand initiates intracellular signaling via phosphorylation
of Syk. It was determined if curdlan, the dectin-1 agonist, induced Syk phosphorylation in
intestinal DCs and if Hpb infection impeded this process. Intestinal DCs for either Hpb-
infected or uninfected mice were briefly exposed to curdlan. Cells then were permeabilized
and intracellularly stained with mAb to detect phosphorylated Syk using flow cytometry. It
was interesting to note that baseline phosphorylation of Syk before curdlan stimulation was
lower in DCs from Hpb-infected mice (Figure 8A). Figure 8B shows that curdlan
stimulation induced Syk phosphorylation in these cells. However, curdlan failure to enhance
Syk phosphorylation in DCs from Hpb infected mice.

Hpb secretes molecules that directly inhibit Syk and CLEC7A expression in intestinal DCs

Hpb cultured /in vitro releases biologically active molecules into their culture medium.
Preparations derived from these supernatants are called Hpb excretory/secretory product
(HES). It was ascertained if HES could inhibit Syk or CLEC7A expression in intestinal DCs.
DCs were isolated from the intestines of mice, which were cultured in medium alone or with
HES for 2 hrs. Then, RNA was extracted from the cells and analyzed for Syk and CLEC7A
expression using quantitative rt-PCR. Figure 9 shows that HES rapidly inhibits both Syk and
CLECTA expression in intestinal type lectin receptor and three housekeeping genes (actin,
HPRT and GADPH). Their expression was not affected by HES (data not shown). We also
transferred some of these 2-hr, HES exposed DCs into our rag colitis model of IBD. They
did not block colitis perhaps because such a brief exposure was insufficient to maintain the
regulatory phenotype.

Treatment mice with a Syk inhibitor blocks colitis

Using the Rag/IL10-/- T cell transfer model of colitis, mice were treated for two weeks
with a Syk inhibitor to determine if it could inhibit colitis. The drug was started 2 wks after
IL10-/- T cell transfer. Colons were assessed for colitis severity in stained histological
sections using the usual 4-point scale. As expected, mice receiving no drug developed severe
colitis ( 3.4%+0.2 SE, two separate experiments using 12 mice). The colitis was substantially
less in drug treated animals (1.5+ 0.2 SE, two separate experiments, 8 mice) (treatment vs.
control p <0.01).

DISCUSSION

Previous studies showed that infection with Hpb induces changes in gut DCs enabling them
to suppress intestinal DC-driven, antigen-specific T cell responses /n vitro and to inhibit
colitis /n vivoin a murine model of IBD (11). The above experiments demonstrate that
during Hpb infection the DCs located in the intestines express substantially less Syk, which
is part of an important pro-inflammatory intracellular signaling pathway, and fewer CLECs
capable of phosphorylating Syk. Using transgenic mice, it was shown that selective
disruption of the Syk signaling pathway in intestinal DCs is sufficient to induce regulatory
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DCs that can block colitis and inhibit antigen-induced, T cell responses in the gut. Thus, it
appears that down-modulation of the Syk signaling pathway within gut DCs is an important
mechanism leading to formation of these regulatory cells.

It is likely that Hpb infection down-modulates the activity of the Syk signaling pathway in
resident intestinal DCs of infected mice. AHpb infection induced no inflammation in the distal
intestines and did not change the relative number of DCs or DC subsets in the lamina propria
of this region of the gut. Thus, the effect of Hpb infection on DC CLEC and Syk mRNA
expression did not likely reflect ingress into the lamina propria of DCs simply displaying
low levels of these mMRNA diluting the resident DC population.

HES is the excretory/secretory product of Hpb. Exposing DCs isolated from the gut of
uninfected mice to HES quickly and selectively inhibits Syk and CLEC expression further
supporting the supposition that Hpb deactivates Syk signaling in gut DCs. Also, this latter
observation suggests that AHpb produces one or more biologically active molecules that
accomplish this task. It is tempting to speculate that Hpb has acquired the ability to regulate
Syk signaling in host DCs to weaken immune responses injurious to the worm. Other
investigators have shown that various immunoregulatory molecules like TGFB (24), 1L10
(25) (26), vitamin D3 (27) and dexamethasone (28) also can induce regulatory DCs.

Previously published studies have shown that helminths of various species produce factors
that induce DCs which block inflammation in various animal models of immune-mediated
disease and/or that enhance immune regulation /n vitro. For instance, adoptive transfer of
bone marrow-derived DCs exposed to excretory/secretory products from cultured 7. spiralis
muscle cyst larvae protects against EAE (29). Splenocytes from rats that received DCs
previously exposed to this excretory/secretory product before EAE challenge have more
Foxp3+ T cells. Hymenolepis diminuta antigen-pulsed DCs transferred into mice with
dinitrobenzene sulfonic acid-induced colitis will block the inflammation in an IL10-
dependent manner (30). Human PBMC-derived DCs exposed to soluble schistosome egg
antigens and then co-cultured with autologous CD25- T cells increases T cell SMAD3
activation and Foxp3 expression (31). A 62Kd phosphocholine-containing glycoprotein
(ES-62) isolated from Acanthocheilonema viteae prevents and inhibits established collagen-
induced arthritis (32). Bone marrow-derived DCs stimulated with LPS and ES-62 make less
TNFa, IL6 and IL23, and are less able to induce I1L17 production by OT-11 T cells /n vitro
(33). DCs exposed to HES from the helminth AHpb can induce differentiation of IL10
producing CD4+ Tregs, which suppress bystander T cell proliferation (34). Taenia crassiceps
is a helminth used to study cysticercosis. Their excretory/secretory molecules impair DC
responses to LPS and CpG. These worm-derived molecules bind mannose and galactose C-
type lectin receptors triggering the cRAF intracellular signaling pathway. This blocks Thl
proinflammatory TLR signaling in DCs favoring Th2 polarization (35). Fasciola hepatica, a
liver fluke, expresses a tegmental coat antigen that inhibits DC function. It inhibits LPS-
induced NF-kB and MAPK pathways in these cells (36).

Syk is a non-receptor tyrosine kinase. It is rapidly phosphorylated when receptors linked to
Syk are engaged. Syk—mediated downstream signaling can lead to activation of
proinflammatory pathways like NF-kB, NFAT and CARD9 (37). Syk has a role in cell
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adhesion being important for several integrin and selectin-mediated functions. Many pattern
recognition receptors that recognize potential pathogens or dead/dying host cells use the Syk
signaling pathway to promote adaptive immunity and strong Th1/Th17 responses (15). This
includes a number of CLECs (15) as well as TLR5 (38). The latter recognizes flagellin,
which is the primary protein component of bacterial flagella. Amply demonstrated in our
study was that engagement of dectin-1, the receptor encoded by CLECT7A, induces Syk
phosphorylation in intestinal DCs and enhances an antigen-induced, T cell-dependent IFN+y
and IL17 response. Syk also is reported to induce the production of other cytokines like
IL-1B (39) and several chemokines.

It remains unknown how inactivation of the Syk signaling pathway in intestinal DCs leads to
development of powerful regulatory DCs in the intestine that block colitis and mucosal
antigen-induced, T cell responses. Syk signaling in DCs appears to be important for Th1/
Th17 responses (40). In many murine models of IBD, poorly regulated effector T cells
located in the gut respond to luminal antigens and release pro-inflammatory molecules like
IFN-y and IL17 that drive the colitis (41). These two cytokines commonly are expressed at
high levels in many patients with either ulcerative colitis or Crohn’s disease (42) and appear
to have a role in the disease process. Thus, down-modulation of Syk may decrease Th1/Th17
responsiveness leading to inhibition of IBD.

Other mechanisms also must be considered. Blocking of Syk in WT DCs /n vitro reduces
their display of co-stimulatory markers (CD80, CD86) and MHC class Il as well as secretion
of pro-inflammatory cytokines (e.g. 1L-12p40) (43). Regulatory DCs from the gut of Hpb-
infected mice have a similar phenotype (10) (44). A known effect of regulatory DCs with
impaired MHC complex expression is induction of T cell anergy due to delivery of defective
costimulation to CD8+ and CD4+ T cells (45). They also restrain NK cell IFN-y production
(46). Thus, induction of T cell anergy could be one of the mechanisms through which they
work to limit the T cell responses that induce colitis.

This study also characterized the CLEC subsets highly expressed in intestinal DCs from Rag
mice. CLECT7A, 9A, 4N and 12A were expressed at high levels in gut DCs of uninfected
healthy Rag mice (44). Hpb infection strongly inhibited expression of these four CLECs
without inducing the display of other membrane bound CLEC subtypes. CLEC7A, 9A and
4N encode for Syk-coupled C-type lectin receptors.

The various membrane-bound CLECS, expressed on a number of different cell types, affect
immune responses following recognition of their various ligands. Studies using other model
systems show that CLECs affect DC behavior. CLEC7A encodes for the receptor dectin-1,
which engages p-1,3-glucans present on several fungal species and at least another
unidentified ligand on mycobacteria. Activation of this receptor promotes Thl and Th17 T
cell development (47). In this paper, this was demonstrated for the first time using intestinal
DCs mixed with OT2 cells that were stimulated with an antigen and a dectin-1 agonist. After
Hpb infection, intestinal DCs no long responded to CLEC7A agonist. This loss of response
is assumed to be the consequence of the diminution of dectin-1 on the surface of these cells
as was demonstrated using FACS. Also shown was that a dectin-1 agonist no longer could
induce Syk phosphorylation in gut DCs after Hpb infection. Syk is the critical intracellular
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signaling pathway for many CLECs. Dectin-1 also can collaborate with MyD88-coupled
TLRs to modulate their function (48,49).

CLEC9A encodes for DNGRL1, which is displayed on plasmacytoid DCs and CD8a+DCs.
This receptor recognizes F-actin coming from dead or dying cells, and it helps prime
cytotoxic T cells (50). Loss of this receptor and the Syk signaling pathway could
conceivably affect how the mucosal immune system responds to damaged mucosal
epithelium or virally infected cells (51).

CLECA4N (dectin-2) binds a-mannan and zymosan expressed by potentially many different
pathogens (52). It also participates in Th2 (53,54) and Th17 (55,56) cell development.

CLEC12A (MICL) may be an inhibitory CTLR (14). Yet, it may synergize with signals from
other receptors to facilitate DC migration and their capacity to stimulate T cells (57).
CLEC12A is a receptor that detects dead cells, and it binds uric acid crystals and perhaps
other ligands. In neutrophils, uric acid crystals activate Syk, and engagement of CLEC12A
inhibits this activation (58).

Rag intestinal DCs expressed two additional CLECs (CLEC2 and 2d) whose level of
expression was not affected by AHpb infection (44). In conjunction with LPS, ligation of
CLEC2 on murine bone marrow-derived DCs augments IL10 production (59). CLEC2d
encodes for lectin-like transcript-1, which binds NKR-P1A inhibiting NK cell cytotoxicity
(60). It is notable that the infection did not modulate gene expression for these two CLECs
that have immune inhibitory functions.

In intestinal DCs, blocking the expression of Syk-coupled C-type lectin receptors and Syk
following a helminthic infection could have major implications for host immunity. These
changes could lead to marked alterations in DC responses to intestinal flora and gut
helminthic infections. The latter is of note since helminths have ligands for host CLECs (61—
64). Since Syk promotes T cell differentiation and/or activation, it is conceivable that the
functional loss of this signaling pathway will render DCs less able to support T cell-
mediated intestinal pathology such as that seen in IBD. Targeting selective Syk inhibitors
(65) to the intestinal mucosa could prove useful for control of these intestinal diseases. Also,
shown in this study is that Hpb infection decreases Syk expression in DCs located in the
MLNSs. Thus, it is conceivable that the effect of Hpb on Syk expression spreads beyond the
gastrointestinal tract. Selective blockade of Syk expression could be an effective way to
control inflammatory bowel disease.
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Figure 1. Hpb infection inhibits Syk mRNA expression in intestinal DCs
Mice were infected with Hpb (Hpb). Control mice of similar age were not infected (No

Hpb). Two wks late, DCs were isolated from the T1, MLN or spleen (SPL) of groups of 3-4
mice. Then, RNA was extracted and converted to cDNA. Quantitative rt-PCR was used to
assess the levels of Syk mRNA expression. Data show that Syk mRNA expression in
intestinal DC from Hpb infected mouse was lower than that in DC from uninfected mice (p
< 0.01). Data were normalized relative to the expression of the housekeeping gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase). Data are means + SE from 3 separate
experiments.
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Figure 2. Syk'/' DC transferred reduced colonic inflammation
The experimental design is outlined in the panel (A). DCs were isolated from the Tl of WT

or Syk™~ mice, and the DCs were transferred (4x104/mouse) into Rag mice that received
splenic 1L107/~ splenic T cells (4x10) i.p. injection. A third group of Rag mice was
reconstituted with IL10~/~ T cells, but received no DC. Animals then were treated with
piroxicam as described to induce colitis.

At the end of the experiment, colonic tissue was examined microscopically to score the
severity of the colitis using a 4-point scale. The data in panels B) and C) show the severity
of the colitis in mice receiving no DCs (No DC), DCs from WT mice (WT DC) or DCs from
Syk™~ mice (Syk™/~ DC). Panel B) Colonic tissue was sectioned and stained with H&E, and
then photographed at x 40. The intense lymphocytic infiltration in the mucosa of no DC and
WT DC recipients was not seen in mice receiving Syk™~ DC. Panel C) Colitis was scored
for severity of inflammation on a 4-point scale in stained histology sections again showing
that Syk™/~ DC transfer inhibited the intensity of the colitis. Data are means + SE from 3
separate experiments each containing 4-5 mice/group. No DCs or WT DCs transferred vs.
Syk™~ DC transferred, p<0.01.

Also studied was the effect of DC transfer on mucosal cytokine production (panel D).
LPMC were isolated from the TI at the time of sacrifice for histological analysis. These cells
were cultured /in vitro at 2x10° cells per well in RPMI complete medium for 48 hrs with
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OT2 cells (ratio 2:1). Some wells contained OVA (10 ug/ml) to stimulate cytokine secretion.
Cell culture supernatants were assayed for IFN+y and 1L17 using ELISAs after the 48 h
culture period. LPMC from Rag mice reconstituted with Syk™~ secrete less cytokines as
compared to LPMC form Rag mice that receive no DCs or DCs from WT mice. Data are
means + SE of 3 independent experiments, each comprised of triplicate determinations.
LPMC from No DC- or WT DC-transferred mice +OVA vs. LPMC from Syk~~ DC-
transferred mice+ OVA, p<0.01

J Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hang et al.

Page 21

A. . .
Experimental Design
IH} 2wk \_}{ Isolated
> " NSAID LPMC
+
@ 1L10-/- OT2 Cells
T Cells
Rag |
{-»} 2wk \H Isolated | OVA
P t NSAID DC
% WT DC IFNy
or 117
Syk-/- DC
B. p<0.01
- " pNS '
—L
~ 0.8
E
£ 0.6/
g
— 0.41
£ 02 |"'|
0= | s | S
p<0.01
0.5 " pNS '
= 0.4
5
£ 0.31
& 0.21
a 0'1_ ﬂ
0L = N
. No No WT WT Syk/ Syk-/
Transfer: 0 12 H¢ bc e pe
+ + +
OVA OVA OVA
+ Colitis LPMC + OT2

Figure 3. Syk'/' DCs transferred Rag DCs regulated the inflammation cytokines in vitro
A. In these experiments, Rag mice were reconstituted with 4x108 splenic IL107~ T cells

given i.p. and then given piroxicam for 2 wks to induce colitis as described in the methods
section. One wk after stopping the piroxicam, LPMC were isolated from the TI. A second
group of Rag mice received intestinal DCs from WT or Syk™'~ mice along with 1L10~/~
splenic T cells before administration of piroxicam. One week after stopping the piroxicam
treatment, DCs were isolated from their TI. To study the effect of these DCs on cytokine
secretion from the LPMC isolated from the mice with colitis who received no DCs, DCs
(4x10%) were added to some of the LPMC (2x10°) along with OT2 T cells (10°) and
cultured for 48 hrs. Some wells also contained OVA (10 ug/ml) to stimulate IFN+y and IL17
release, which was measure in the culture supernatants at the end of the incubation.
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B. OVA induced cytokine release (IFN-y and 1L17) from these cell cultures. Only intestinal
DCs from the Rag mice reconstituted with Syk™'~ DCs inhibited the i vitro LPMC OVA-
induced cytokine response. Data are means = SE from 3 independent experiments each
performed in triplicate. LPMC + OVA or LPMC + WT DC + OVA vs. LPMC + Syk™~ DCs
+ OVA, p<0.01
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Figure 4. Hpb infection inhibits CLEC expression in intestinal DCs
Mice were infected with Hpb (Hpb). Control mice of similar age were not infected (no Hpb).

Two wks later, DCs were isolated from the TI of groups of 3—4 mice. The RNA was
extracted and converted to cDNA. Quantitative rt-PCR was used to assess the level of
CLECTA, CLEC9A, CLEC12A and CLEC4N mRNA expression. Data were normalized
relative to expression of the housekeeping gene GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase). DCs from Hpb-infected mice expressed less CLEC mRNA compared to
DCs from uninfected mice, p < 0.01. Data are means +/- SE from 4 independent
experiments each performed in triplicate.
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Figure 5. Hpb infection decreases dectin-1 display on intestinal DCs
A. The upper two panels are representative FACS plots showing the percentage of LPMCs

isolated from the TI that express CD11c. The table shows that the percentage of LPMCs
expressing CD11c in the T1 were similar in Hpb-infected (Hpb) and uninfected control mice
(No Hpb).

B. The figure is an overlapping flow cytometry histogram gated on the CD11c* DCs in
LPMCs isolated from the T1 of Hpb-infected (Hpb) (gray area) and uninfected (no Hpb)
control (white area) mice. The bracket in the histogram indicates the dectin-1 positive cell
gate. The figures and the table show that the intestine contains fewer dectin-1 positive DCs
after Hpb infection.

For both table A and B, the numbers are mean percentages + SE from eight independent
experiments containing 3-4 mice per group.
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Figure 6. Hpb infection decreases dectin-1 display on specific intestinal DC subsets
A. The upper two panels depict representative FACS plots showing the percentage of CD11c

+ DCs expressing CD103 and/or CD11b in LPMC isolated from the TI of Hpb-infected
(Hpb) or uninfected (No Hpb) control mice. The table shows that the intestinal DCs from
Hpb-infected and uninfected mice contain similar percentages of the three indicated DC
subsets.

B. The three figures are representative overlapping flow cytometry histograms gated on
CD11c* DC subsets in isolated LPMC from the T1 of Hpt-infected (gray area) and
uninfected control (white area) mice. The bracket in each histogram indicates the dectin-1-
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positive cell gate. The table shows that the percentage of DCs displaying dectin-1 drops in
the CD103+ CD11b+ CD11c+ and the CD103+CD11b— CD11c+ DC subsets after Hpb
infection, p < 0.05.

For both A) and B), the data in the tables are means + SE derived from four independent
experiments each using three mice/group.
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Figure 7. The dectin-1 agonist, curdlan, promotes cytokine secretion only from intestinal DCs
isolated from uninfected mice

DCs isolated from the TI of uninfected mice (No Hpb) or from Hpb-infected mice (Hpb)
were mixed with OT2 T-cells (OT2) and cultured 48h with or without OVA (50 ug/ml) in the
present or absence of curdlan (100 ug/ml)(curd) as outlined in the methods section. After the
incubations, cytokine concentrations in the supernatants were assayed with ELISAs. OVA
stimulated IFNy and IL17 secretion in cultures containing OT2 T cells and DCs from either
source. However, curdlan enhanced cytokine secretion only in the presence of DCs from
uninfected mice, p < 0.001. Data are means + SE from 3 independent experiments for which
each condition was cultured in triplicate. DCs were isolated from the TI of 3—-4 mice for
each experimental group.
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Figure 8. Hpb infection decreases curdlan-induced Syk phosphorylation
CD11c*103* DC were isolated by FACS from dispersed LPMC derived from the Tl of Rag

mice. The DCs then were subject to intracellular staining (see material and methods) to
determine the level of Syk phosphorylation in each cell. The three figures are representative
overlapping flow cytometry histograms showing the degree of Syk phosphorylation in these
cells. The bracket in each FACS plot indicates the window of phosphorated Syk-specific
staining. Figure (A) shows that intestinal DCs from Hpb-infected mice (Hpb, gray area) have
lower constitutive expression of phosphorylated Syk than do DC from uninfected mice (No
Hpb, white area). Figure (B) shows that the dectin-1 agonist, curdlan, induces Syk
phosphorylation in DCs from uninfected mice (No Hpb) (upper panel), while it fails to do so
in DCs from infected mice (Hpb) (lower panel). The table shows the means of three
individual experiments.
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Figure 9. Hpb ESP (HES) inhibits Syk and CLEC7A mRNA expression in intestinal DCs
DCs isolated from the TI of Rag mice were culture /n vitro for 2 hrs in the presence or

absence of HES (50 ug/ml). DC RNA then was extracted and converted to cDNA.
Quantitative rt-PCR was used to assess the levels of Syk and CLEC7A mRNA expression in
these samples. Data were normalized relative to expression of the housekeeping gene
GAPDH (glyceraldehyde 3-phosphate dehydrogenase). Data are means + SE from 3
separate experiments, and each experiment was performed in duplicate. The decreases in
Syk and CLEC7A mRNA expression after HES exposure were both p < 0.01.
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