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Abstract

Expulsion of parasitic gastrointestinal nematodes requires diverse effector mechanisms

coordinated by a Th2-type response. The evolutionarily conserved JmjC protein; Myc

Induced Nuclear Antigen (Mina) has been shown to repress IL4, a key Th2 cytokine, sug-

gesting Mina may negatively regulate nematode expulsion. Here we report that expulsion of

the parasitic nematode Trichuris muris was indeed accelerated in Mina deficient mice.

Unexpectedly, this was associated not with an elevated Th2- but rather an impaired Th1-

type response. Further reciprocal bone marrow chimera and conditional KO experiments

demonstrated that retarded parasite expulsion and a normal Th1-type response both

required Mina in intestinal epithelial cells (IECs). Transcriptional profiling experiments in

IECs revealed anti-microbial α-defensin peptides to be the major target of Mina-dependent

retention of worms in infected mice. In vitro exposure to recombinant α-defensin peptides

caused cytotoxic damage to whipworms. These results identify a latent IEC-intrinsic anthel-

mintic pathway actively constrained by Mina and point to α-defensins as important effectors

that together with Mina may be attractive therapeutic targets for the control of nematode

infection.

Introduction

Over 2 billion people are chronically infected with parasitic gastrointestinal (GI) nematodes,

extracting a massive global toll in morbidity and mortality [1]; in addition, the rapid spread of

drug resistance in livestock GI nematodes has created a global economic crisis that portends a

further humanitarian one [2–10]. Expulsion of GI nematodes requires the host T helper 2

(Th2)-type response to mobilize multiple GI effector mechanisms including goblet cell
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hyperplasia and increased epithelial cell turnover [11]. However, the full panoply of effector

mechanisms remains still to be elucidated. We have shown that the JmjC protein Mina can

repress transcription of IL4, a key Th2 cytokine, suggesting a possible negative regulatory role

in GI nematode expulsion [12]. To gain further insight, we explored genetic models of Mina

deficiency during infection with the parasitic whipworm Trichuris muris (TM) that models

human infection with the soil transmitted helminth Trichuris trichiura [13]. Unexpectedly, we

discovered Mina acts in intestinal epithelial cells (IECs) rather than CD4 T cells to constrain

parasite expulsion by a novel mechanism associated with mobilization of anti-microbial α-

defensins that can directly inflict damage upon parasites and with repression of the Th1

response that antagonizes worm expulsion. Thus, therapeutic inhibition of Mina in intestinal

epithelial cells could unleash a latent host-protective anthelmintic response.

Results

Mina deficient mice develop normally

In order to explore the physiological role of Mina in host resistance to nematode parasites, we

generated germline null (knockout, ‘KO’) and floxed Mina alleles targeting exons 3 and 4

(encoding the catalytic JmjC domain; S1A and S1B Fig). Mina protein (S1C Fig) was undetect-

able in Mina KO mice, demonstrating that exon 3–4 deletion creates a null allele. Despite this,

germline Mina KO mice were viable, fertile (in both genders) and appeared grossly normal

from birth onward, consistent with a previous report of Mina deficient mice in which exon 2

was replaced with a neomycin cassette [14]. Importantly, we also confirmed that the expres-

sion of Mina is ablated by qRT-PCR in uninfected and infected cecum tissues (S2 Fig). Immu-

nologically, Mina KO mice exhibited normal frequencies of lymphoid and myeloid cell types

in the thymus, spleen, peripheral (PLN) and mesenteric lymph nodes (MLN) (S1 Table). We

did note that Mina KO mice exhibited a slight but significant decrease in MLN B cells and a

significant increase in MLN CD8+ DCs. Frequencies of B cells and CD8+ DCs were normal in

PLN and spleen. In order to further ascertain if the small difference in frequency of B cells and

DC might contribute to a difference in immune response, we looked at the total cellularity of

mesenteric lymph node and the total B cells and DC in the of Mina WT and KO mice upon

TM infection. There was no difference in the cellularity of B and DC numbers upon TM infec-

tion. (S3 Fig). Additionally, in response to mitogenic stimulation T cells and B cells from Mina

KO and WT control mice exhibited similar proliferative responses (S4 Fig). Taken together,

these data indicated that Mina was required neither for ontogeny, fertility nor for immune sys-

tem development. Thus, Mina KO mice appeared to be a suitable model with which to study

Mina’s role in the intact host response to parasitic nematode infection.

Mina deficient mice exhibit accelerated nematode expulsion

Embryonated TM eggs were administered perorally to cohorts of Mina KO and WT littermate

control mice and worm burden was measured over a 35-day infection course (Fig 1). Consis-

tent with previous studies showing C57BL/6 mice to be moderately susceptible to TM [13],

WT littermate control mice (N5B6) exhibited detectable parasite levels throughout the infec-

tion course; although, numbers dropped by ~70% between 14 and 35 days post infection (dpi).

By contrast, parasites in Mina KO mice trended strongly downward by 21 dpi and were unde-

tectable by 35 dpi, reflecting expulsion kinetics similar to resistant BALB/c strain mice [15].

Histological examination of the TM infected cecum sections suggested lesser inflammation in

the KO mice compared to Mina WT at 21 and 35 dpi (S5 Fig). Thus, Mina is a non-redundant

negative regulator of whipworm expulsion whose impairment releases the activity of a latent

anthelmintic pathway.

Role of Myc-induced nuclear antigen in parasite expulsion
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Mina deficient mice exhibit impaired parasite-specific Th1 but not Th2

responses

Th2- and Th1-type host responses are known, respectively, to promote and antagonize expul-

sion of parasitic GI nematodes [13]. The Th2-type response, principally mediated by IL13, is

critical for worm expulsion. This response stimulates ILC2 cells, triggering numerous effector

pathways including increased epithelial cell turnover, goblet cell hyperplasia, mucus secretion,

smooth muscle contractility and peristalsis [11, 16]. Thus, to investigate whether accelerated

nematode expulsion in Mina KO mice was associated with altered Th1/Th2 balance, we mea-

sured levels of TM-specific serum IgG1 and IgG2c, hallmark Th2- and Th1-dependent anti-

body isotypes [17]. WT mice exhibited a low but detectable anti-TM IgG1 response at 14 dpi

that peaked around 21 dpi and the response stayed similar at 35 dpi (Fig 2A). The response of

Mina KO mice was similar to WT, apart from a slight decrease in titer by 35 dpi (~2 fold) that

was consistent with accelerated parasite expulsion kinetics [18]. Total IgE levels at 0 and 21 dpi

were also similar between Mina KO and WT littermates (S6 Fig). Together, these results indi-

cated that Mina was dispensable for the Th2-type response to TM. This was further supported

by finding normal levels of TSLP, IL33 and IL13 in day 21 TM infected Mina KO MLN (S7

Fig). Though unexpected in light of our previous work showing that Mina could repress Il4
[12], this result was consistent with our finding of normal in vitro Th2 differentiation by Mina

KO naïve CD4 T cells and suggested that Mina may be a redundant Il4 regulator. In contrast

to the relatively unperturbed Th2-type response to TM infection, the Th1-type response

(reflected in serum IgG2c level) was dramatically impaired in the absence of Mina (Fig 2B).

Thus, Mina is dispensable for the Th2- but essential for the Th1-type response to TM.

Fig 1. Accelerated clearance of TM in the absence of Mina. WT and Mina KO mice were infected by orogastric

gavage with 150 TM embryonated eggs. At days 14, 21 and 35 dpi mice were sacrificed and ceca were collected. The

ceca were dissected and resident larvae and adult worms were counted using a dissection microscope. Data are

mean ± SEM (day 14 data from an experiment with n = 5; day 21 and 35 data from two independent experiments with

WT: n = 19, KO: n = 21, d35; WT:n = 12, KO:n = 10). Statistical significance was computed by the nonparametric

Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0211244.g001
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To confirm the inference from serum isotype analysis of normal Th2- and impaired

Th1-type responses in TM-infected Mina KO mice, we used FACS and ELISA to measure

intracellular and secreted IL4 and IFNγ from PMA/ionomycin-stimulated CD4 T cells in

draining mesenteric lymph nodes at 21 dpi. Consistent with the serum Ig analysis, Mina KO

and littermate control WT mice exhibited similar numbers and proportions of Th2 cells as

well as secreted IL4 (Fig 3). By contrast, Th1 cell number and percentage as well as secreted

IFNγ levels were significantly lower in Mina KO than in WT (Fig 3). Together these results

show that Mina is dispensable for Th2- but required to promote Th1-type responses to TM.

Given the well-established antagonistic role of the Th1 response toward TM expulsion [13],

these results suggest that Mina constrains TM expulsion, at least in part, by promoting the Th1

response.

Mina acts in intestinal epithelial cells to constrain nematode expulsion and

to promote a normal Th1-type response

To examine Mina’s role in promoting Th1 development, Mina KO and WT naïve CD4 T cells

were primed in Th1-inducing conditions and intracellular IFNγ was measured by FACS. Th1

differentiation proceeded normally in the absence of Mina (S8 Fig), suggesting that the attenu-

ated Th1 response and, by inference, the accelerated parasite expulsion kinetics of TM-infected

Mina KO mice arises from a T cell non-intrinsic defect. To identify the cellular compartment

in which Mina acts to constrain parasite expulsion, we generated reciprocal bone marrow chi-

meras with WT and Mina KO mice. Autologously reconstituted Mina KO and WT chimeras

recapitulated the TM expulsion phenotypes of their unmanipulated Mina KO and WT coun-

terparts (Fig 4A), demonstrating that chimerism did not alter Mina’s role in parasite expulsion.

Importantly, the phenotypes of heterologously reconstituted chimeras were dictated by host

rather than hematopoietic donor genotypes. These results suggested that Mina acts in a non-

hematopoietic compartment to retard TM expulsion.

Fig 2. Normal TM-specific IgG1 and impaired IgG2c response in the absence of Mina. WT and Mina KO mice

were infected by oral gavage with 150 TM embryonated eggs. Serum samples collected from infected WT or Mina KO

mice were analyzed by ELISA on days 14, 21 and 35 dpi for TM antigen specific (A) IgG1 and (B) IgG2c. Data are

mean ± SEM (d14, n = 6, d21, n = 11 each, d32 n = 6 each in Mina WT and KO respectively). OD260 curves were fitted

using a 4 parameter logistic curve model and EC50s of fitted curves were compared to determine statistical significance

and delta EC50.

https://doi.org/10.1371/journal.pone.0211244.g002
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We hypothesized that the non-hematopoietic source of Mina’s function (to retard worm

expulsion) might be intestinal epithelial cells (IECs) proximal to where TM carries out its life-

cycle [11]. To test this, we generated MinaΔIEC (Villin-Cre+::Minaflox/flox) and control (Villin-

Cre+::Mina+/+ and Villin-Cre-::Mina+/+)) mice to model IEC-specific Mina ablation. Mina

mRNA was readily detected in both control and MinaΔIEC splenocytes but only from control

and not from MinaΔIEC IECs (S9 Fig). Thus, exon 3–4 deletion in MinaΔIEC mice was highly

efficient and specifically targeted IECs. Next, MinaΔIEC and control mice were infected with

Fig 3. Th2 and Th1 response to TM in Mina KO mice. Shown are the percentage and absolute number of (A)

CD4+IL4+ cells and (B) CD4+IFNγ+ cells and (C) the level of secreted IL4 and IFNγ from mesenteric lymph node cells

of Mina KO and WT littermate control mice infected 21 days earlier with 150 embryonated TM eggs. Data are

mean ± SD (A: WT n = 8, KO n = 10 each, B: WT and KO: n = 15 and 14 each respectively, C: WT and KO n = 7 each

respectively) from 2 independent experiments). Statistical significance was computed by the two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0211244.g003
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TM and analysed at 21 dpi for worm burden (Fig 4B). Compared to control, MinaΔIEC mice

exhibited significantly reduced worm burden, indicating that Mina expression in IECs was

required to retard parasite expulsion. Similar results were observed when Mina KO mice were

infected with Nippostrongylus brasiliensis NB (S10 Fig) suggesting that Mina deficiency results

in accelerated worm expulsion. Importantly, compared to WT, MinaΔIEC mice also exhibited

an impaired anti-TM serum IgG2c response (Fig 3C), indicating that a normal Th1-type

response against TM also required IEC-intrinsic Mina activity.

α-defensins are the major targets of Mina-mediated repression in TM

infected IECs

To explore the transcriptional basis of Mina’s IEC-intrinsic roles in TM expulsion and the

Th1-type response, we performed RNAseq analysis of cecum and cecal IECs enriched from

Mina-deficient and control mice, uninfected or 21 dpi. Strikingly, analysis of the data for

genes whose differential expression required the interaction of genotype with infection state

revealed a small but strong signature comprising 18 hits (Fig 5A). Remarkably 13 of 18 (72%)

of these belonged to α-defensin or α-defensin-related gene families, known to be expressed in

Paneth cells, secretory IECs that reside in small clusters at the base of the crypts of Lieberkühn

(S2 Table) [19]. Paneth cells are normally found in the small intestine but can be induced

ectopically in colonic crypts during inflammation such as that associated with nematode

Fig 4. Worm burden and IgG2c response of TM-infected reciprocal bone chimeric and MinaΔIEC mice. Reciprocal

bone marrow chimeras constructed as indicated (A) and MinaΔIEC mice (B and C) were infected with 150 TM eggs

and d21 worm burden (A and B) and serum IgG2c response (C) were measured. Data are mean ± SD (bone marrow

chimeras: n: WT to WT n = 5, WT to KO; n = 4, KO to KO n = 6, KO to WT n = 7 mice from 2 independent

experiments; MinaΔIEC: Mina +/+ Cre+ and Mina (fl/fl) Cre- n = 5, Mina Fl/Fl cre+ n = 4 mice from one of two

independent experiments; IgG2c ELISA:WT n = 8, KO n = 6 from 2 independent experiments). For worm burden

statistical significance was calculated by one way ANOVA; and for IgG2c level by fitting log (serum concentration)

versus OD260 curves using a 4 parameter logistic curve model.

https://doi.org/10.1371/journal.pone.0211244.g004
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infection [20]. The 13 hits included 3 different copies of Defa5, 2 copies of defa20 and individ-

ual copies of Defa21, 22, 23 and 24 and 4 different cysteine-rich sequence (CRS) genes belong-

ing to the CRS1C subfamily, encoding incompletely characterized α-defensin-related proteins

[21]. Quantitative RT-PCR analysis of IECs from Mina KO and WT mice 21 dpi confirmed

Mina-dependent repression of Defa5, 20 and 21 (Fig 5B) and one non-defensin gene, the

Retinal binding protein 2 (Rbp2; S11 Fig). Importantly, Mina deficiency did not perturb

expression of markers for five major IEC lineages (Lyz1, Paneth; Muc1, goblet; Chga, enteroen-

docrine; Sox9, tuft; and Lgr5, stem), indicating that TM did not perturb the normal distribu-

tion of gut epithelial cell lineages (Fig 5B). Together, these data suggest that Mina represses α-

defensin mRNA levels directly rather than indirectly by impairing Paneth cell development or

lifespan.

α-defensins exhibit cytotoxic activity toward TM

α-Defensins are 3–4 kDa highly cationic anti-microbial peptides that account for over 70% of

the bactericidal activity of Paneth cell secretions and are important in providing both a first

Fig 5. RNAseq expression profile of IECs. (A) Shown is a volcano plot depicting for each of 34,589 genes in IECs the

magnitude of the mRNA expression effect size for the interaction between genotype and infection status parameters on

the X axis and the statistical significance of each interaction on the Y axis. Red lines delineate the borders for |effect

sizes|� 2 fold and p� 0.01. Genes in the top right quadrant represent those that are expressed at least 2 fold higher in

Mina deficient infected IECs than in control uninfected ceca. Statistical analysis was carried out as described in the

Methods. (B) Quantitative RT-PCR analysis of α-defensin (top row) and intestinal epithelial cell lineage marker genes

(bottom row) in 21 dpi Mina KO and WT IECs. Data are mean ± SD (Def 20, 21, Criscv2 and v4; WT n = 11, KO

n = 12 each, Defa1 WT n = 7, and KO n = 4, Defa5 WT n = 10, KO n = 9) (control genes: chga, Sox2, Lgr5 WT and KO

n = 7 each, Muc1 n = 5 each, Lyz WT n = 12 and KO n = 8 resepctively from 2 independent experiments). Statistical

significance was computed by the two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0211244.g005
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line of defense against microbial pathogens and in shaping commensal bacterial diversity [19]

but have not been described to possess anthelmintic activity. We wondered whether they may

act directly to kill or damage helminths. To test this idea, we incubated individual TM adults

in microwells with reduced Defa5, 20, 21, 23 and 24 peptides for 1 hour before measuring lac-

tate dehydrogenase release as a correlate of cytotoxicity. All five α-defensin isoforms exhibited

significant cytotoxicity toward both male and female TM adults (Fig 6). Mina-regulated α-

defensin isoforms were also active against L3 TM larvae (S12 Fig). Interestingly, cytotoxicity

against L3 TM larvae was not restricted to Mina-regulated α-defensins. Defa1, 2, 4, 6 (not

expressed in C57BL/6 [22] and Defa5 exhibited dose dependent cytotoxic activity against L3

TM larvae (S13 Fig). Curiously, cytotoxicity of reduced Defa1 and Defa4 was abolished by oxi-

dation (S14 Fig). These in vitro results indicate that α-defensins possess cytotoxic activity

toward TM and raise the possibility that α-defensins may possess cytotoxic activity toward hel-

minths in vivo where they could contribute directly to accelerated worm expulsion. Additional

work will be necessary to test this idea and to determine additionally whether derepressed α-

defensins in TM infected Mina deficient mice might contribute to the impairment of the Th1

response.

Discussion

Our previous work had led us to hypothesize that Mina, acting as an Il4 repressor [12], would

act to retard the highly Th2-dependent expulsion of parasitic helminths. Surprisingly however,

analysis of in vitro Th2 differentiation in Mina KO cells revealed Mina not to be an essential

regulator of Th2 development, perhaps due to functional redundancy with its close structural

and evolutionary homolog NO66 [23]. Nevertheless, germline Mina deficiency did accelerate

TM expulsion. Consistent with our in vitro data, accelerated expulsion was associated with a

normal rather than an enhanced Th2 response. Providing a potential explanation for the

Fig 6. α-defensin cytotoxic activity toward adult TM. Cytotoxic activity of reduced α-defensins on adult TM males

and females (obtained from female IL-4Rα KO mice on day 116 of infection) was measured by lactate dehydrogenase

release assay. Data are mean ± SD (n = 6 each, and α -defensin 4: n = 5 adult worms) from 1 experiment. Statistical

significance was computed by the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0211244.g006
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accelerated expulsion phenotype, we discovered that Mina KO mice exhibited an impaired

Th1 response to TM. As Th1 responses are well documented to promote chronic GI nematode

infection [11], our results, point to a role for Mina in repressing worm expulsion by promoting

the Th1 response.

However, as Mina KO T cells exhibited normal in vitro Th1 differentiation, we hypothe-

sized that the impaired Th1 response and the accelerated expulsion phenotypes of Mina KO

mice occurred via a T cell-extrinsic pathway. Indeed, reciprocal bone marrow chimera experi-

ments demonstrated that accelerated worm expulsion required Mina deficiency in a non-

hematopoietic compartment. TM challenge of MinaΔIEC mice (lacking Mina specifically in

IECs) revealed a non-redundant IEC-intrinsic role for Mina in suppressing a latent anthelmin-

tic pathway. In addition to accelerated TM expulsion, MinaΔIEC mice displayed an impaired

serum IgG2c response, indicating an additional IEC-intrinsic role for Mina in promoting the

anti-TM Th1-type response. As extended GI residence time can modulate the cytokine profile

from Th2 to Th1 [18], the diminished Th1 response in infected Mina deficient mice could

arise as a consequence (rather than being a causal component) of accelerated expulsion kinet-

ics. However, as the IgG2c response in Mina KO mice was already impaired at 14 dpi while

accelerated parasite expulsion did not become evident until 21 dpi, this explanation seems

unlikely. Further, resistance can be conferred upon susceptible IL4 KO mice by neutralization

of IFNγ [24]. Thus, Mina’s IEC-intrinsic role in repressing TM expulsion may derive, at least

in part, from promotion of the Th1 response.

RNAseq analysis of ceca and cecal IECs from infected and uninfected Mina deficient and

sufficient mice provided further insight into the molecular nature of the anthelmintic pathway

negatively regulated by Mina. Analysis of the data to identify genes whose differential expres-

sion required interaction between genotype and infection status revealed a strikingly narrow

perturbation signature focused on members of the rapidly evolving and widely distributed α-

defensin gene family encoding anti-microbial peptides secreted by Paneth cells located at the

base of the crypts of Lieberkuhn [20]. qRT-PCR analysis confirmed Mina- and TM-infection-

dependent repression for 3 tested (of six) α-defensin genes and also for one (of two tested)

non-α-defensin genes (encoding Retinal binding protein 2, Rbp2). Unperturbed expression of

gene markers for the major IEC cell lineages, suggested that Mina acted directly to modulate

target gene expression rather than indirectly by altering epithelial sublineage survival or

proliferation.

Given the prominence of α-defensin and α-defensin-related genes in the Mina genetic per-

turbation signature we considered whether they might contribute to the IEC-intrinsic roles of

Mina in response to TM infection. Upregulation of α-defensins in MinaΔIEC mice could pro-

mote accelerated TM expulsion via multiple non-mutually exclusive mechanisms. First, it is

well established that α-defensins can shape commensal microbiota diversity [25]. Thus, α-

defensins may act indirectly by altering commensal microbiota diversity, thereby eliminating

niches essential for, or creating ones hostile toward, parasites [26]. Second, Paneth cell α-

defensins have been reported to possess immunomodulatory activity. Reduced human HD5

can neutralize LPS and suppress macrophage production of TNF, suggesting a role as an LPS

scavenger in the gut [27]. Further, Defa4 possesses anti-inflammatory activity on human blood

leukocytes and human THP-1 monocytic cells in vitro and can ameliorate bacterial sepsis in

vivo (personal communication from A. Ouellette). Thus, it is possible that α-defensins may

repress the anti-TM Th1 response by altering the properties of dendritic cells that prime the

Th1 response in the draining MLN. And finally, they may act directly to kill or damage hel-

minths. In this regard, Rbp2, also negatively regulated by Mina in IECs, is another candidate

for promotion of nematode expulsion by Th1 repression.
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In the mouse, α-defensins are synthesized as inactive pro-peptides that during packaging

into secretory granules are cleaved by matrix metalloproteinase-7 (MMP7) to generate func-

tional carboxy-terminal α-defensin peptides liberated from acidic amino-terminal inhibitory

prodomains [28, 29]. Mature α-defensin peptides are ~35 amino acid residues in length and

exhibit a characteristic signature of six conserved cysteines that can oxidize to form three

invariantly paired disulfide bonds, thereby creating a structure which in comparison to

reduced α-defensin peptides is relatively resistant in vitro to proteolytic degradation [20, 30].

Exposure of adult and L3 larval TM to synthetic reduced mature α-defensin peptides lead to

dose-dependent cytotoxicity, newly extending the target range of these anti-microbial proteins

to metazoan organisms. In our experiments, the tested concentration of α-defensin peptides

(50ug/ml) was on the high end in comparison to levels required in vitro to kill bacteria (1-

10ug/ml) [22]; nevertheless, it was within the range estimated for α-defensin concentration at

the point of release from Paneth cells (25–100 mg/ml) [20], at the ileal mucosal surface (90 to

450 ug/cm2) [31], in the adult ileal lumen (~250 ug/ml) [20] and within the crypt lumen (15–

100 mg/ml) [19]. Further, cytotoxicity toward TM was resistant to 137 mM NaCl in PBS, a salt

concentration that inhibited the microbicidal activity of certain α-defensins [19]. Interestingly,

the microbicidal activity of α-defensin peptides is often greater when reduced as opposed to

oxidized [32–36]. Similarly, cytotoxicity toward TM was observed with reduced but not oxi-

dized peptides, raising the question whether such reduced peptides could escape proteolysis to

function in vivo as cytotoxic effectors. A recent report revealed that the conserved cysteines in

reduced α-defensins can chelate zinc and thereby adopt a protease resistant structure [33].

Further, full length functionally microbicidal α-defensins are detected in the colon even under

reducing conditions [37]. Taken together with the unusually high levels of zinc found in

Paneth cell secretory vesicles and the critical role of zinc in Paneth cell biology [38, 39], we

hypothesize that protease-resistant, zinc-chelated α-defensin peptides may occur naturally,

especially in the anaerobic reducing environment of the lower GI tract. Thus, the anthel-

minthic pathway held in check by Mina could be mediated, at least in part, by the direct cyto-

toxic activity of zinc-chelated α-defensins that may directly inflict damage upon or kill worms.

Functional studies with zinc-chelated α-defensins, exogenous administration of α-defensin

peptides and genetic perturbation experiments will be required to formally address the role of

α-defensin peptides as direct anthelmintic effectors.

Mina is a 2-oxoglutarate-dependent oxygenase comprising a JmjC, a Winged Helix and a

dimerization domain. It is highly enriched in the nucleolus and exists at lower levels in the

nucleoplasm and cytoplasm [40]. To date, the only proven enzymatic target of Mina is ribo-

somal protein subunit Rpl27a which undergoes hydroxylation on histidine 39 [41]. The physi-

ological ramifications of this posttranslational modification have yet to be determined and it is

likely that Mina has additional targets. Mina is also reported to modulate specific positive regu-

latory histone marks, which may be consistent with a role as an epigenetic repressor [42, 43].

Indeed, our results suggest a role for Mina as a repressor of α-defensin mRNA. Importantly,

IECs from Mina deficient mice exhibited unperturbed expression of gene markers for the

major intestinal epithelial cell lineages, including Paneth cells that express α-defensins, thus

ruling out an indirect role in the regulation of Paneth cell development or lifespan. Whether

the role of Mina in α-defensin transcription is related to a direct role in epigenetic regulation,

or more indirect effects on ribosome function or other pathway(s), remains to be elucidated.

Additionally, we cannot rule out the possible role for goblet cells in expression of α-defensins

in the Mina KO mice.

It is worth noting that the TM expulsion phenotype was stronger in MinaΔIEC as compared

to germline Mina KO mice, reaching statistical significance on d21 in the former and requiring

until d35 in the latter. Our previous work revealed a cell-intrinsic requirement for Mina in
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Th17 cell development [44]. Though the role of Th17 cells in TM expulsion remains to be elu-

cidated, and a recent study has reported the failure of neutralizing antibodies to IL17 to influ-

ence expulsion kinetics [45], it is possible that an impaired Th17 response in Mina KO but not

MinaΔIEC mice may have contributed to delayed expulsion in the former relative to the latter.

Finally, why evolve the Mina pathway if it acts to repress parasitic GI nematode expulsion?

Self-regenerating 3D intestinal organoid cultures are a dynamic in vitro model of functional

intact intestinal epithelium featuring villus- and crypt-like structures composed of the major

IEC lineages [46]. TGFβ treatment of small intestinal organoid cultures induced Mina and

repressed α-defensin gene expression (personal communication with Y. Eriguchi and A.

Ouellette), consistent with a role for Mina in repressing α-defensin expression. As TGFβ is

known to play a critical role in promoting chronic nematode infections [47], it is possible that

activation of the Mina pathway by TGFβ [or a nematode TGFβ mimic [48]] is an evolved para-

sitic immune evasion mechanism. In this regard, it is notable that intron 1 of Mina contains a

SMAD3-binding TGFβ response element (TRE) [49]. Further, the BALB/c but not the C57BL/

6 allele of a SNP residing in the TRE abolished SMAD3 binding and TRE function, consistent

with elevated Mina expression in C57BL/6 versus BALB/c cells [12] and correlating with the

more rapid expulsion of TM from BALB/c as compared to C57BL/6 mice [13]. Thus, Mina

activation may be at the epicenter of an evolutionary tug of war between host immunity and

parasite immune evasion.

In summary, Mina represses a novel IEC-intrinsic anthelmintic pathway associated with a

dampened Th1 response that may operate, at least in part, via mobilization of α-defensins.

Further, α-defensins are newly revealed to possess direct cytotoxic activity toward parasitic GI

nematodes, expanding the range of their pathogen targets to metazoans. Thus, Mina and its

downstream effectors may be attractive targets for the development of new classes of anthel-

mintic drugs.

Materials and methods

Ethics statement

Mice were bred and maintained in specific pathogen-free conditions in accordance with the

guidelines of the Institutional Animal Care and Use Committee of St. Jude Children’s Research

Hospital, USA (Approved protocol number 453-100362-06/15) the UK Home Office Animals

(Scientific Procedures) Act 1986 and Local Ethical Review Procedures (University of Oxford

Medical Sciences Division Ethical Review Committee; Approved protocol number 30/2521);

the Institutional Animal Care and Use Committee of Chiba University Japan (Approved pro-

tocol number 29–278), and the Institutional Animal Care and Use Committee of the Jikei Uni-

versity, Japan (Approved protocol number 2016–100).

Trichuris muris embryonated eggs were either generated in house as described in the meth-

ods or obtained from Dr David Artis or Dr Joesph Urban. The embyonated eggs were 6–7

weeks of age.

Mice

Conditional Mina mutant mice were generated from gene targeted iTL BA1 (C57BL/6 x 129/

SvEv) hybrid embryonic stem cells by InGenious Targeting Laboratory (Ronkonkoma, NY,

USA) using the targeting vector shown in S1 Fig. Gene targeted founder mice were crossed

with C57BL/6 Sox2-Cre+ to produce offspring harboring deletions spanning exons 3 and 4

and the neo cassette (Mina KO) or just the Neo cassette (Mina flox). Both Mina flox and Mina

KO mice were backcrossed 5 times to C57BL/6 before use. Mina KO and WT littermate con-

trol mice were obtained from heterozygous intercrosses. Villin-Cre+::Mina(fl/fl), Villin-Cre-::
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Mina(fl/fl) and Villin-Cre+::Mina(+/+) littermates were obtained by crossing Villin-Cre+::

Mina(fl/+) and Villin-Cre-::Mina(fl/+).

Generation of bone marrow chimeras

Bone marrow was extruded from femurs and tibias as described (Holst et al., 2006) and then

depleted of CD4+ T cells by MACS (Miltenyi) as per manufacturer’s instructions. Cells were

incubated with anti-CD4 antibody, washed and then passed through an autoMACS (Miltenyi).

Negatively selected cells were washed, counted and used for injections. 5 x106 CD4 T cell-

depleted bone marrow cells were injected in the tail vein of irradiated (1100 rads) recipient

mice. Chimeras were given at least 6 weeks for hematopoietic reconstitution prior to TM

infection.

Cytokines and antibodies

Cytokines and antibodies were obtained from eBioscience, BD biosciences and BioLegend,

Thermofisher and Promega as indicated in S3 Table.

Immunophenotyping

Cells were recovered from thymus, spleen, peripheral lymph nodes (inguinal, brachial and

axillary and superficial cervical) and mesenteric lymph nodes (MLN). After staining with

LIVE/DEAD Aqua, cells were blocked with anti-CD16/32 antibody for 5 min on ice and then

stained with lymphoid (anti-CD4, anti-CD8, anti-B220) or myeloid (anti-CD11b, anti-CD11c,

anti-CD8, anti-Gr1, anti-B220 and anti F4/80) antibody cocktails on ice for 30 minutes. Cells

were analyzed by BD LSR Fortessa flow cytometer.

Generation of TM E/S (excretory/secretory) antigens and embryonated

eggs

TM E/S antigen and embryonated eggs were generated as described [50]. Briefly, 35 days fol-

lowing orogastric gavage of susceptible AKR/J mice with 300 embryonated TM eggs, adult

worms were recovered from the cecum and large intestine. To induce excretion/secretion of

antigens and eggs, worms were incubated at 37˚C in RPMI medium for 60 minutes and trans-

ferred to fresh media for an additional 60 minutes. Worm-conditioned media was combined

and centrifuged at 1500 rpm for 10 minutes and E/S antigen-containing supernatant and pel-

leted eggs recovered. To induce embryonation eggs were washed twice in water and main-

tained in water in the dark at room temperature for 6–7 weeks.

Nematode infections

One hundred and fifty embryonated TM eggs administered by orogastric gavage. At various

times post infection resident worms were counted in the cecum and proximal colon using a

dissection microscope, as described previously [50]. Harvested ceca and proximal colons were

flushed with PBS, fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned and

H&E stained. Slides were scored in a blinded manner for severity of inflammation (1 = mini-

mal, 2 = mild, 3 = moderate, 4 = marked, 5 = severe), ulceration (0 = normal, 1 = mild, 2 = mod-

erate, 3 = severe), hyperplasia (0 = normal, 1 = mild, 2 = moderate, 3 = severe) and area of

involvement (0 = normal, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe). Total inflamma-

tion score was calculated as (inflammation + ulceration + hyperplasia) X extent.

For Nippostrongylus brasiliensis infection, Mina WT and KO mice were infected by

subcutaneous injection with 500 L3 Nippostrongylus brasiliensis larvae. At 7 d.p.i. mice were
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sacrificed and intestines were collected, opened longitudinally and placed in warm water in a

37C water bath. After 2 hours, the worms that have migrated to the water are counted under a

dissection microscope.

Intracellular cytokine analysis

Cell suspensions were restimulated with either PMA and ionomycin (Sigma) for 5 hrs. Follow-

ing incubation with Golgistop (BD biosciences) for the last 4 hrs of restimulation, cells were

washed and sequentially stained with Live/Dead Fixable Aqua (Invitrogen) and then antibod-

ies targeting cell surface antigens, before being fixed and permeabilized with Fixation/Permea-

bilization reagent (BD biosciences) and then stained for intracellular cytokines in Fixation/

Permeabilization buffer (BD biosciences) according to manufacturer’s recommendations.

Data from stained cells was collected on an LSRII (BD), Fortessa (BD) or Canto II (BD) and

analysed using Flowjo software.

Enzyme linked immunosorbent assay (ELISA) and Milliplex assay

TM E/S antigen-specific serum IgG1 and IgG2c ELISAs were carried out as described [15].

Briefly, serum was added to ELISA plates that had been coated overnight with TM E/S antigen

(5ug/ml), washed and blocked in 5% fetal calf serum. Following a 2h 37˚C incubation, plates

were sequentially washed, incubated for 1 hour at room temperature with secondary antibod-

ies (BD Biosciences: biotinylated anti-mouse IgG1, clone A85-1 or biotinylated anti-mouse

IgG2c, clone R19-15), washed and incubated with streptavidin HRP (BD Pharmingen) for 30

minutes at room temperature and finally detected with TMB substrate (eBioscience). Enzy-

matic reactions were stopped with 1N H2SO4 and OD450 measured on a Spectramax (Molecu-

lar Devices) spectrophotometer.

IgE ELISA was carried out by using the IgE ELISA kit from Thermofisher according

to manufacturer’s instructions. OD values were measured using a Spectrophotometer

(Versamax).

IFNγ ELISA was carried out with the Mouse IFN gamma ELISA Ready-SET-Go! Kit

(eBioscience, cat #88–7314) according to manufacturer’s instructions. TSLP (Mouse TSLP

Quantikine ELISA kit, R&D systems) and IL13, IL10 and IL4 were measured using a Milliplex

Map kit (Millipore) according to manufacturer’s instructions.

Intestinal epithelial cell enrichment

Ceca were harvested, washed in PBS containing 0.5% BSA, penicillin and streptomycin (50ug/

ml) to remove fecal contents and luminal sides exposed and incubated for 30 mins at 4˚C in

E-RPMI (5% FCS, 5mM EDTA, 0.5mM DTT) with DNase I (20ug/ml). Luminal mucosa was

recovered by scraping with a glass slide, collected into 50 ml tubes and pipetted repeatedly to

disperse cellular aggregates. After allowing large aggregates to settle, the overlying cecal epithe-

lial cell-enriched suspension was recovered. Purity was routinely 70–80% CD45-EPCAM+, as

confirmed by staining with Live/Dead Fixable Aqua (Invitrogen), anti-mouse CD45 APC

(30-F11, eBioscience) and anti-mouse EPCAM PE (G8.8, eBioscience).

Isolation of RNA from tissues and quantitative RT-PCR

Intact ceca or enriched cecal epithelial cells were collected in Qiazol (Qiagen), and homoge-

nized using a Tissue Lyzer II (Qiagen). Total RNA was extracted using the RNA Microarray

Kit (Qiagen) and quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific).

cDNA was synthesized from total RNA using the High Capacity cDNA Synthesis Kit (Thermo
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Fisher Scientific) according to manufacturer’s instructions. Quantitative PCR was carried out

using Taqman primers (Thermo Fisher Scientific) on a 7900HT qPCR instrument (Applied

Biosystems/Thermo Fisher Scientific). The mRNA expression of each gene tested were nor-

malized to naïve WT samples and assessed using relative quantification method. GAPDH was

used as an endogenous control.

RNAseq and bioinformatics analysis

Total RNA was isolated using QIAzol and the RNeasy Mini Kit (Qiagen) from enriched cecal

epithelial cells of uninfected Villin-Cre+::Mina(flox/flox) and Villin-Cre+::Mina(+/+) litter-

mates; and from ceca of Mina(-/-) and Mina(+/+) littermates 21 days following TM infection.

RNA quality was assessed using an Agilent Bioanalyzer. Libraries were prepared from ~500 ng

total RNA with the TruSeq RNA Library Preparation Kit v2 according to manufacturer’s

instructions (Illumina, San Diego, CA). Paired end 100 cycle sequencing was performed on

HiSeq 2000 or HiSeq 2500 sequencers according to manufacturer’s instructions (Illumina).

FASTQ sequences were mapped to the mouse mm9 genome by a pipeline that serially employs

STAR [51] and BWA [52]. Mapped reads were counted, gene level FPKM values were com-

puted, and resulting data was log2 transformed with an in-house pipeline. Mapping statistics

and PCA were used for quality control. A two-way ANOVA model with an interaction term

was applied to each gene to statistically analyze genotype, treatment and the conditional inter-

action of these factors. Graphic visualizations were performed using Partek Genomics Suite

6.6 (St Louis, MO USA) and STATA MP/11.2 (College Station, TX USA).

α-defensin preparation

Synthetic reduced (r-)Defa1, r-Defa2, r-Defa4, r-Defa5 and r-Defa6, r-Defa20, r-Defa21,

r-Defa23 and r-Defa24 were purchased from Medical and Biological Laboratories Co., Ltd.

(Nagoya, japan) and stored at -30˚C until use. Three pairs of disulfide bonds were introduced

into synthetic Defa1 and Defa4 (Medical and Biological Laboratories Co., Ltd., Nagoya, japan)

by air oxidation as described previously [35]. Using reverse-phase high-performance liquid

chromatography (RP-HPLC) reaction mixtures were applied to C-18 columns (SepaxHP-C18,

4.6 x 150mm, 5ml; Sepax Technologies, Newark, DE, USA) in 0.1% trifluoroacetic acid with an

18–36% acetonitrile gradient developed over 30min at 1ml/min. Purified oxidized (o-)Defa1

and o-Defa4 were lyophilized and stored at -30˚C until use. Disulfide bond status of Defas was

evaluated by acid-urea PAGE and MALDI-TOF MS (Voyager-DE PRO; Applied Biosystems,

Carlsbad, Calif., USA) as described previously [36].

α-defensin cytotoxicity assay

TM adult and L3 larvae were recovered 116 and 21–25 d.p.i, respectively, from ceca and

proximal colons of male IL4RaKO [BALB/c-IL4R, Line # 4177; [53]]. 1–5 L3 larvae/well and 1

adult, respectively, were incubated with α-defensin peptides (5–50 ug/ml) in 100ul PBS at

37˚C for 1hr prior to the addition of 100ul of LDH-cytotoxicity assay kit solution (BioVision

catalog # K311-400, CA, USA) and OD492 measurement.

Cell proliferation assays

CD4+T cells (CD4+CD25−CD45RBhi) and B cells (CD19+) from spleens and lymph nodes of

Mina KO or WT litter mate control mice were FACS sorted on a Reflection (i-Cyt, Cham-

paign, IL) following staining with anti-mouse CD4, anti-mouse CD45RB and anti-mouse

CD25 (eBioscience) for T cells and anti-mouse CD19 for B cells. CD4+T cells (1x105 cells/ml)
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were stimulated for 72h with soluble anti-CD28 (1ug/ml, eBioscience) in 96 well flat bottom

plates coated with graded amounts of anti-CD3 (eBioscience). B cells (1x106 cells/ml) were

stimulated in 96 well flat bottom plates with graded amounts of LPS (O111:B4, Sigma) for 72

h. Cultures were pulsed with 1 μCi of [3H]-thymidine for the final 8h of assay and harvested

with a Packard harvester. The counts per minute (cpm) were determined using a Packard

Matrix 96 direct counter (Packard Biosciences).

T cell differentiation

Purified CD4+T cells (CD4+CD25−CD45RBhi) from spleens and lymph nodes of Mina KO or

WT litter mate control mice were FACS sorted on a Reflection (i-Cyt, Champaign, IL) follow-

ing staining with anti-mouse CD4, anti-mouse CD45RB and anti-mouse CD25 (eBioscience)

were differentiated in to Th1 or Th2 as per previously published conditions [54]. Briefly,

CD4+T cells were stimulated in anti-CD3 coated plates (5ug/ml), anti-CD28 (1ug/ml) in

presence of rIL12 (20ng/ml) and anti-IL4(10ng/ml) for Th1 and anti-IFNγ (10ng/ml), rIL4

(100ng/ml) and anti-IL12 (10ng/ml) for Th2 differentiation. Cells were cultured for three days

and restimulated with PMA (50 ng/ml) and ionomycin (1 μg/ml) in presence of monensin to

test for intracellular cytokine IFNγ and IL4.

Immunoblots

Organs and tissues from Mina WT (+/+) and KO (-/-) mice were homogenized in UREA/SDS

buffer and 100 μg protein extract resolved on large 10% SDS-PAGE electrophoresis gels before

immunblotting with rabbit polyclonal antibodies against Mina (Invitrogen, cat. No. 40–9500)

and FIH (Novus, cat. No. NB100-428).

Statistical analysis

GraphPad Prism software (version 7.0; GraphPad Software Inc.) was used to perform statistical

analyses as indicated in figure legends. Sample sizes were chosen on the basis of previous expe-

rience in the laboratory with respect to inherent variability. Outlier data was identified and

excluded by ROUT (Q = 1%). Animals within each cohort were randomly assigned to treat-

ment groups. Blinded analysis was not performed in these studies. For statistical analysis of

IgG2c ELISA data, EC50 was used to compare the entire values in the data to assess differences

in the linear portion of the curve.

Supporting information

S1 Fig. Structure, expression and function of gene-targeted null and floxed Mina alleles.

(A) Structure of the targeting construct and WT, Floxed and KO Mina alleles. (B) Diagnostic

PCR bands corresponding to WT (+), null (-) and floxed (fl) Mina alleles in mice with indi-

cated genotypes. (C) Mina protein expression in organs and tissues from Mina WT (+/+) and

KO (-/-) mice. Equal protein loading was verified by immunoblotting with an antibody raised

against a closely-related enzyme, FIH.

(PDF)

S2 Fig. qRT-PCR analysis of mina expression in Mina KO. RNA expression of Mina was

assessed directly from uninfected and infected tissues of Mina WT and KO mice. Data are

from uninfected WT and KO n = 7 each, and infected WT and KO, n = 6 each respectively.

(PDF)
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S3 Fig. Cellularity of TM infected Mina WT and KO. The total cellularity of TM infected

Mina WT and KO were assessed. The total numbers of CD19+ and CD11c+DC are assessed

by flow cytometry and plotted. Statistical analysis was carried out by Mann-Whitney test.

There were no significant difference between the groups (WT and KO, n = 5 each for total cel-

lularity and CD11cDC and for CD19+ cells WT n = 5; KO n = 3).

(PDF)

S4 Fig. Proliferation of Mina KO T and B cells. CD4+CD25−CD45RBhi T cells (A and B)

and CD19+ B cells (C and D) isolated from combined lymph node and spleen of Mina KO or

WT littermate control mice were stimulated, respectively, with plate-bound anti-CD3/soluble

anti-CD28, CD3/CD28 Dynabeads, LPS and anti-IgM respectively. Data are mean ± SEM

(n = 6 mice). Log(mitogen concentration) versus cpm curves were fitted using a 4 parameter

logistic curve model and EC50s of fitted curves were compared to determine statistical signif-

icance.

(PDF)

S5 Fig. Histology of cecum from TM infected Mina WT and KO mice. Cecum from unin-

fected and Trichuris muris infected WT and Mina KO mice were harvested at d21 post infec-

tion. (A)The tissues were assessed for inflammation severity by hematoxylin eosin staining as

described in the methods and (B) data from the histological assessment is shown. Data are

from two independent experiments (WT and KO n = 13).

(PDF)

S6 Fig. Serum IgE response to TM in Mina KO mice. Total serum IgE level from naive and

TM infected WT and Mina KO mice at d21 p.i. The mice were infected by orogastric gavage

with 150 TM embryonated eggs. Data are mean ± SD (Naïve WT n = 6, and KO n = 4, TM

infected WT n = 9, and KO n = 13 mice) from 2 independent experiments). Statistical signifi-

cance was computed by the two-tailed Student’s t-test.

(PDF)

S7 Fig. Th2 and Th17 response to TM in Mina KO mice. (A) Quantitative RT-PCR analysis

of TSLP and IL33 mRNA in IECs from Mina KO and WT 21 dpi. Data are mean ± SD of n = 6

each of WT and KO for TSLP and WT n = 10, KO = 9 mice for IL33 from 2 independent

experiments. TSLP ELISA was carried out on TM antigen stimulated mesenteric LN culture

supernatants using a TSLP ELISA kit as described in methods. Data is from one of two inde-

pendent experiments. (C) Cytokine analysis was performed for assessing IL17, IL13, IL4, IL10

using Milliplex cytokine analysis kit. Data are mean ± SEM (IL17; WT n = 8 and KO n = 10,

IL13, WT n = 7 and KO n = 8, IL4; WT n = 9 and KO n = 7; IL10; WT n = 9 and KO = 10

mice; from 2 independent experiments). Statistical significance was computed by the two-

tailed Student’s t-test.

(PDF)

S8 Fig. In vitro differentiation of Mina KO CD4 T cells. Mina KO and WT littermate con-

trols were differentiated under Th1 and Th2 conditions as described in methods. Shown are

the mean ± SD (n = 3 mice for Th1 and n = 4 for Th2 from 1 of 2 representative experiments).

Statistical significance was computed by the two-tailed Student’s t-test.

(PDF)

S9 Fig. Splenic and IEC Mina expression in MinaΔIEC mice. Mina mRNA expression level in

splenocytes and IECs from MinaΔIEC [VillinCre+::Mina(fl/fl)] and controls VillinCre+::Mina

(+/+) and VillinCre-::Mina(fl/fl)] mice. Shown are the mean ± SEM (n = 11, 5 and 9 for
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Splenocytes and n = 7, 5, 8 for IECs respectively from 2 independent experiments). Statistical

significance was computed by the two-tailed Student’s t-test.

(PDF)

S10 Fig. Accelerated clearance of Nippostrongylus brasiliensis in the absence of Mina53.

WT and Mina KO mice were infected by subcutaneous injection with 500 L3 Nippostrongylus
brasiliensis larvae. At 7 dpi the mice were sacrificed and intestines were collected, dissected

and resident larvae and adult worms were counted using a dissection microscope. Data are

mean ± SD (n = 6 mice from one experiment). Statistical significance was computed by the

Mann-Whitney test.

(PDF)

S11 Fig. Quantitative RT-PCR analysis of Rbp2. Quantitative RT-PCR analysis of Rbp2 in

21 d.p.i. Mina KO and WT IECs. Data are mean ± SD (WT n = 8, and KO n = 5 mice from 2

independent experiments). Statistical significance was computed by the two-tailed Student’s

t-test.

(PDF)

S12 Fig. Cytotoxic activity of α-defensins toward L3 TM larvae. Cytotoxic activity of

reduced (r-) α-defensins 5, 20, 21, 23 and 24 against L3 TM larvae was measured by lactate

dehydrogenase release assay. Data are mean ± SD (n = 3 larvae), representative of 2–4 inde-

pendent experiments. α-defensin 5 was positive in 3 of 4 experiments. Statistical significance

was computed by two-tailed Student’s t-test.

(PDF)

S13 Fig. Dose dependent cytotoxic activity of α-defensins toward L3 TM larvae. Cytotoxic

activity of reduced (r-) α-defensins 1, 2, 4, 5 and 6 against L3 TM larvae was measured by lac-

tate dehydrogenase release assay. Data are mean ± SD (n = 3 larvae) in 1 experiment. Statistical

significance was computed by the two-tailed Student’s t-test.

(PDF)

S14 Fig. Reduced but not oxidized α-defensins exhibit cytotoxic activity toward L3 TM lar-

vae. Cytotoxic activity of reduced (r-) and oxidized (o-) α-defensins 1 and 4 against L3 TM lar-

vae was measured by lactate dehydrogenase release assay. Data are mean ± SD (n = 3 larvae),

representative of 2 independent experiments. Statistical significance was computed by the

two-tailed Student’s t-test.

(PDF)

S1 Table. Lymphoid and myeloid immunophenotypic analysis of Mina KO mice. Mina KO

and WT littermate control mesenteric lymph node, peripheral lymph node, spleen and thymic

cells stained for various cell surface and intracellular markers as described in the Material and

Methods and analyzed for the percentage of different cell subsets. Data are mean ± SD (from 2

independent experiments). Statistical significance was computed by the Mann Whitney test.

(PDF)

S2 Table. RNAseq genes with expression greater than 2-fold higher in infected Mina-defi-

cient as compared to uninfected control IECs and with p < 0.01 and that were confirmed

by qRT-PCR. Mature peptide sequences are in bold font.

(PDF)

S3 Table. Cytokines and antibodies.

(PDF)
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