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Abstract

Innate CD8αα+ cells, also referred to as iCD8α cells, are TCR-negative intraepithelial lym-

phocytes (IEL) possessing cytokine and chemokine profiles and functions related to innate

immune cells. iCD8α cells constitute an important source of osteopontin in the intestinal

epithelium. Osteopontin is a pleiotropic cytokine with diverse roles in bone and tissue

remodeling, but also has relevant functions in the homeostasis of immune cells. In this

report, we present evidence for the role of iCD8α cells in the homeostasis of TCR-negative

NKp46+NK1.1+ IEL (ILC1-like). We also show that the effect of iCD8α cells on ILC1-like IEL

is enhanced in vitro by osteopontin. We show that in the absence of iCD8α cells, the number

of NKp46+NK1.1+ IEL is significantly reduced. These ILC1-like cells are involved in intestinal

pathogenesis in the anti-CD40 mouse model of intestinal inflammation. Reduced iCD8α cell

numbers results in a milder form of intestinal inflammation in this disease model, whereas

treatment with osteopontin increases disease severity. Collectively, our results suggest that

iCD8α cells promote survival of NKp46+NK1.1+ IEL, which significantly impacts the develop-

ment of intestinal inflammation.

Introduction

Intestinal intraepithelial lymphocytes (IEL) constitute a population of cells dwelling inter-

spersed in the monolayer of intestinal epithelial cells (IEC), and represent a unique immuno-

logical compartment in the intestines. Because of their anatomical location, IEL are considered

to be the first line of defense against the enormous antigenic stimulus present in the lumen of

the intestines. T cell receptor αβ+ and γδ+ cells constitute the great majority of IEL [1–3], and

these cells possess many and varied roles during mucosal immune responses and inflamma-

tory processes, ranging from specific immunity against pathogens, tissue repair and homeosta-

sis of the intestinal epithelium [4–9]. Lately, it has been recognized that the IEL compartment
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also harbors TCRneg lymphoid cells with critical roles in mucosal immune responses [3]. The

great majority of TCRneg IEL is composed of cells expressing intracellular CD3γ, which can be

divided in CD8αα+ or CD8αα- IEL [10]. TCRnegCD8αα+ IEL, also referred to as innate CD8α
(iCD8α) cells, have been previously characterized by our group both in mice and humans [11].

iCD8α cells possess a chemokine and cytokine signature, antigen processing capabilities, and

other functions such as bacteria uptake, that suggest that these cells are important during early

immune responses [11]. Other TCRneg IEL resemble innate lymphoid cells (ILC) with differen-

tial expression of the natural cytotoxicity receptor NKp46 [12–14]. Although their function is

not completely understood, NKp46+NK1.1+ IEL have been shown to promote disease develop-

ment in the anti-CD40 model of colitis [12].

The phosphoprotein osteopontin, encoded by the gene Spp-1, is a glycosylated molecule

that was originally characterized as part of the rat bone matrix [15, 16], and later shown to

induce Th1 responses, promote pathogenic Th17 survival, enhance NKT cell activation of con-

canavalin A-induced hepatitis, and regulate the homeostasis and function of NK cells [17–21].

A recent publication shows that lack of osteopontin results in reduced TCRγδ IEL, and that

this molecule enhances in vitro survival of TCRαβ and TCRγδ IEL [22]. In steady state condi-

tions, iCD8α cells express significant amounts of osteopontin [11], suggesting a potential role

for these cells in IEL homeostasis. In terms of intestinal inflammation and disease, osteopontin

appears to have divergent roles. For example, in DSS colitis, osteopontin appears to be benefi-

cial during acute disease stages, whereas in chronic disease stages it is detrimental [23]. In tri-

nitrobenzene sulphonic acid-induced colitis, osteopontin enhances development of disease

[24]. In humans, plasma osteopontin is increased in individuals with inflammatory bowel dis-

eases (IBD) compared to healthy controls [25, 26]. Although a report indicates that osteopon-

tin is downregulated in the mucosa of Crohn’s disease patients [27], other groups have

reported higher osteopontin expression in the intestines of individuals with ulcerative colitis

and Crohn’s disease [26, 28]. While these results may be conflicting, they underscore the

importance of osteopontin in inflammatory processes and warrant further exploration of this

molecule during mucosal immune responses.

In this report we investigate the effect of iCD8α cells in the homeostasis of TCRneg

NKp46+NK1.1+ IEL and their impact in mucosal innate responses. Using mice with reduced

iCD8α cell numbers, we show that iCD8α cells have a critical role in NKp46+NK1.1+ IEL sur-

vival, which is partly mediated by osteopontin, and that disruption of NKp46+NK1.1+ IEL

homeostasis impacts the development of inflammatory processes in the intestines.

Materials and methods

Ethics statement

Mice were maintained under specific pathogen-free conditions at Vanderbilt University Medi-

cal Center. The studies were carried out in strict accordance with the recommendations pro-

vided and approved by the Institutional Animal Care and Use Committee at Vanderbilt

University Medical Center (Protocol Number M1700048) and the Guide for Care and Use of

Laboratory Animals published by the U.S. National Institutes of Health (NIH publication 85–

23, revised 1996). For collection of tissue samples, mice were sacrificed by CO2 asphyxiation

and cervical dislocation. All efforts were made to minimize suffering.

Mice

Rag-2-/- mice in the C57BL/6 background have been in our colony for several years; these mice

were originally purchased from the Jackson Laboratories. Spp-1-/- mice in the C57BL/6 back-

ground were obtained from the Jackson Laboratories. E8I
-/- mice were graciously provided by

iCD8α cells promote IEL survival and inflammation
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Dr. Hilde Cheroutre. Spp-1-GFP-Knock-in mice have been previously reported [22]. To

homogenize as much as possible the microbiome, all mice obtained from external sources

were bred in our facility with Rag-2-/- mice to generate heterozygote mice for both mutations,

and from these founders we obtained Spp-1-/-Rag-2-/-, E8I
-/-Rag-2-/-, and Rag-2-/-Spp-

1-GFP-Knock-in mice. Mice were between 8 to10-week-old. All mice were bred and housed

under similar conditions.

IEL isolation

IEL were isolated by mechanical disruption as previously reported [29]. Briefly, after flushing

the intestinal contents with cold HBSS and removing excess mucus, the intestines were cut

into small pieces (~1cm long) and shaken for 45 minutes at 37˚C in HBSS supplemented with

5% fetal bovine serum and 2mM EDTA. Supernatants were recovered and cells isolated using

a discontinuous 40/70% Percoll (General Electric) gradient. In some experiments, IEL prepa-

rations were positively enriched using anti-CD45 or anti-CD8α magnetic beads/columns, or

depleted of CD8α+ cells for further enrichment using anti-CD45 magnetic beads/columns

(Miltenyi).

Reagents and flow cytometry

Fluorochrome-coupled anti-CD8α, -CD45, -NK1.1, and anti-NKp46 were purchased from

Thermo Fisher, BD Biosciences or Tonbo Biosciences. Annexin V and 7AAD were purchased

from BD Biosciences. All staining samples were acquired using a FACS Canto II Flow System

(BD Biosciences) and data analyzed using FlowJo software (Tree Star). Cell staining was per-

formed following conventional techniques. Manufacturer’s instructions were followed for

Annexin V staining.

In vitro survival assay

Enriched CD45+ IEL (1x105 cells/well) from Rag-2-/- or E8I
-/-Rag-2-/- mice were cultured in a

96-well flat-bottomed well plate in RPMI complemented with 10% fetal bovine serum, penicil-

lin/streptomycin, HEPES, L-glutamine and β-mercaptoethanol in the presence or absence of

2 μg/ml of recombinant osteopontin (R&D) for 4 hours. After incubation, cells were recovered

and stained for surface markers, 7AAD and annexin V. In other experiments, enriched CD45+

IEL (1x105 cells/well) from Spp-1-/-Rag-2-/- mice were cultured in the presence of enriched

iCD8α cells (1x105 cells/well) from Rag-2-/- mice for 4 hours. After incubation, cells were

recovered and stained for surface markers, 7AAD and annexin V. In other experiments,

iCD8α cell-depleted CD45+ IEL (1x105 cells/well) from Spp-1-/-Rag-2-/- mice were incubated

in the presence or absence of enriched iCD8α cells (1x105 cells/well) from Rag-2-/- or Spp-

1-/-Rag-2-/- mice for 4 hours. After incubation, cells were recovered and stained for surface

markers, 7AAD and annexin V. For all in vitro survival experiments, IEL were gated according

to their size in a forward versus side scatter plot without prior exclusion of dead cells. Then,

cells were selected by their expression of NKp46 and NK1.1 followed by analysis of 7AAD

incorporation and annexin V staining.

Induction of intestinal inflammation with anti-CD40 antibodies

Eight to ten-week-old female mice over 18g of weight were treated i.p. with 75 or 150μg of

anti-mouse CD40 antibody clone FGK4.5 (Bio X Cell) as previously described [30]. Mice were

weighted prior to injection and every day thereafter. Mice were monitored daily for signs of

disease such as rectal bleeding, diarrhea and scruffiness. At the end point, a portion of the

iCD8α cells promote IEL survival and inflammation
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colon was used for pathological examination and scoring as previously reported [30]. All path-

ological analysis was performed by a GI pathologist (MBP) in a blind fashion. Some mice were

treated with recombinant osteopontin (2 μg per mouse i.p.) or PBS at days -2, -1 and 1 pre-

and post-disease induction (75 μg of anti-CD40).

Real-time PCR

Up to 60 mg of total proximal colon was homogenized using Trizol (Invitrogen) and the RNA

was isolated following conventional procedures. RNA was reverse-transcribed using the High

Capacity cDNA Transcription Kit (Applied Biosystems). For real-time PCR we used the rela-

tive gene expression method [31]. GAPDH served as a normalizer. Osteopontin primers are:

Forward: AGCCACAAGTTTCACAGCCACAAGG;

Reverse: CTGAGAAATGAGCAGTTAGTATTCCTGC.

Osteopontin protein detection

For total osteopontin present in tissue, a ~0.5 cm piece of intestine was cultured in a 24-well

plate in RPMI containing 10% fetal bovine serum for 24 hrs at 37˚C in 5% CO2. Supernatants

were collected and cleared. In another experiment, enriched iCD8α cells were cultured at

1x105 cells/well in a 96-well flat-bottomed plate for 24 hr. Osteopontin concentration was

determined in the supernatants using a Quantikine ELISA kit (R&D) following manufacturer’s

instructions.

Statistical analysis

Statistical significance between the experimental groups was determined by application of an

unpaired two-tailed Student’s t-test or ANOVA using Prism 7. A p value<0.05 was considered

significant.

Results

iCD8α cell deficiency results in decreased NKp46+NK1.1+ IEL

The study of the innate immune system is facilitated by analyzing mice deficient in adaptive

immune cells such as Rag-2-/- mice. Analysis of the IEL compartment in these mice showed

two main population of cells present in IEL preparations: a population of large cells composed

primarily of IEC, and a population of smaller cells constituting lymphoid cells (Fig 1A, left dot

plot). The latter population consisted primarily of CD45+ cells (Fig 1A, histogram), which

could be divided in CD8αα+ and CD8ααneg cells (Fig 1A middle dot plots). The former cells

comprised iCD8α cells and represented the majority population of innate cells in the IEL com-

partment of Rag-2-/- mice. Further subdivision of the CD8ααneg cells showed a well-defined

population of NKp46+NK1.1+ IEL, and other IEL with a gradient expression of NK1.1 (Fig 1A

right dot plots). The E8I enhancer region is critical for the expression of CD8α homodimers in

lymphoid cells present in the intestinal epithelium, without affecting other cells, such as

CD8α+ dendritic cells [32, 33]. In a previous publication, we showed that mice deficient in E8I

present a significant reduction in iCD8α cells [11], and analysis of E8I
-/-Rag-2-/- mice recapitu-

lated this deficiency (Fig 1A, middle dot plots). Because only iCD8α cells express CD8α homo-

dimers, E8I
-/-Rag-2-/- mice serve as a model for iCD8α cell deficiency. Interestingly, E8I

-/-Rag-

2-/- mice presented with lower numbers of total CD45+ IEL, which may account for the reduc-

tion in iCD8α cells (Fig 1B), and a corresponding increase in the frequencies of

CD45+CD8αneg IEL (Fig 1C). Moreover, the IEL compartment of E8I
-/-Rag-2-/- mice also pre-

sented a significant reduction in the frequencies (Fig 1D) and cell numbers (Fig 1E) of

iCD8α cells promote IEL survival and inflammation
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NKp46+NK1.1+ IEL (gated on CD8αneg cells). These cells do not express CD8α homodimers

(Fig 1A) and therefore the decrease in numbers is not directly related with the E8I mutation.

Osteopontin expression in the IEL compartment is primarily associated

with iCD8α cells

Osteopontin is a pleiotropic cytokine that has been reported to sustain homeostasis of lym-

phoid cells, including NK cells [19] and concanavalin A activated T cells [18]. Because iCD8α
cells have been reported to be a source of osteopontin, we reasoned that the significant absence

of these cells in E8I
-/-Rag-2-/- mice may result in decrease osteopontin production in the intes-

tines. Indeed, the expression of osteopontin mRNA in the intestines of Rag-2-/- mice was sig-

nificantly higher than that observed in the intestines of E8I
-/-Rag-2-/- mice (Fig 2A). To

investigate osteopontin production in the IEL compartment, we analyzed the small intestine

from Rag-2-/- mice carrying the Spp-1-EGFP knock-in reporter gene [22]. Whereas

NKp46+NK1.1+ and other CD8α- IEL (NKp46-NK1.1lo/-) presented low GFP staining, most

iCD8α cells showed high GFP expression (Fig 2B), indicating that iCD8α cells are a key source

Fig 1. iCD8α cell deficiency results in decreased NKp46+NK1.1+IEL numbers. Total small intestine IEL from Rag-

2-/- and E8I
-/-Rag-2-/- mice were analyzed for the presence of CD45+ and CD45+CD8α-NKp46+NK1.1+ IEL. (a) Gating

strategy for the analysis of the IEL compartment used throughout this report. Dead cells were excluded using a viability

dye. (b) Total CD45+ IEL. (c) Frequencies of CD45+CD8αneg IEL. (d) frequencies and (e) total cell numbers of

CD45+CD8αneg IEL derived from gating in the CD45+CD8αneg IEL population. Each symbol represents an individual

mouse (n = 7 to 8). Data are representative of at least two independent experiments. �p<0.05, ���p<0.001 using

unpaired two-tailed Student’s T test.

https://doi.org/10.1371/journal.pone.0215883.g001
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of osteopontin within innate IEL, and corroborate the reduction of this cytokine in mice defi-

cient in iCD8α cells (Fig 2A).

iCD8α cells and osteopontin promote survival of NKp46+NK1.1+ IEL

The above results suggest that iCD8α cell-derived osteopontin is important for maintaining

normal levels of NKp46+NK1.1+ cells. One possibility is that osteopontin promotes the survival

of these IEL. To test this hypothesis, total enriched-CD45+ IEL from Rag-2-/- mice were cul-

tured for 4 hours in the presence or absence of recombinant osteopontin, and the survival of

NKp46+NK1.1+ IEL was determined by 7AAD and annexin V staining. As shown in Fig 3A,

Fig 2. Osteopontin expression in the IEL compartment is primarily associated with iCD8α cells. (a) Osteopontin

mRNA expression in the intestine of the indicated mice. Expression levels in E8I
-/-Rag-2-/- mice were compared to the

average expression levels observed in Rag-2-/- mice. Each symbol represents an individual mouse (n = 7 to 8). Data are

the combination of two independent experiments. (b) Osteopontin expression in naïve IEL from the small intestine

(similar results were obtained with colon, not shown) of Rag-2-/-Spp-1-EGFP-KI mice. Cells were gated as in Fig 1.

Histogram is a representative mouse (n = 4). Data are representative of at least two independent experiments.
��p<0.01, using unpaired two-tailed Student’s T test for (a) and non-parametric one-way ANOVA for (b).

https://doi.org/10.1371/journal.pone.0215883.g002

iCD8α cells promote IEL survival and inflammation
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recombinant osteopontin did not affect annexin V levels in NKp46+NK1.1+ IEL derived from

Rag-2-/- mice, suggesting that osteopontin produced by cells present in the culture (like iCD8α
cells, which are the main producers of osteopontin in the intestinal epithelium, Fig 2B) was

sufficient to maintain survival, and addition of exogenous osteopontin did not reduce the per-

centage of annexin V/7AAD+ NKp46+NK1.1+ IEL. However, when enriched CD45+ IEL

derived from E8I
-/-Rag-2-/- mice (deficient in iCD8α cells) were cultured in the presence of

recombinant osteopontin, the levels of annexin V/7AAD staining were lower than in cells cul-

tured in the absence of recombinant osteopontin (Fig 3B), suggesting that the addition of

osteopontin contributes to the survival of NKp46+NK1.1+ IEL from E8I
-/-Rag-2-/- mice. To

determine the role of iCD8α cells in NKp46+NK1.1+ IEL survival, CD45+ IEL from Spp-

1-/-Rag-2-/- mice were cultured in the presence or absence of iCD8α cells from Rag-2-/- mice,

which produce osteopontin. As seen in Fig 3C, addition of iCD8α cells decreased the level of

annexin V/7AAD staining in NKp46+NK1.1+ IEL, indicating that iCD8α cells promote the

survival of NKp46+NK1.1+ IEL. To determine the contribution of iCD8α cells to the survival

of NKp46+NK1.1+ IEL independent of osteopontin, we depleted iCD8α cells from total CD45+

IEL derived from Spp-1-/-Rag-2-/- mice and cultured the CD45+ cells in the presence of iCD8α
cells derived from either Rag-2-/- or Spp-1-/-Rag-2-/- mice. As shown in Fig 3D, re-introduction

of iCD8α cells into the culture reduced the expression of annexin V/7AAD in NKp46+NK1.1+

IEL. However, NKp46+NK1.1+ IEL cultured in the presence of iCD8α cells from osteopontin-

competent mice presented lower levels of apoptosis than NKp46+NK1.1+ IEL cultured with

iCD8α cells from osteopontin-deficient mice. These results underscore the role of iCD8α cells

and osteopontin in the in vitro survival of NKp46+NK1.1+ IEL. Of note, the percentages of

annexin V/7AAD in Fig 3D were greater that in the other panels due to the longer preparation

time to deplete iCD8α cells and recover CD45+ IEL. Overall, these results indicate that both

iCD8α cells and osteopontin have an important role in the homeostasis of NKp46+NK1.1+ IEL.

Osteopontin kinetics during intestinal inflammation

To investigate the kinetics of osteopontin production during intestinal inflammation, we used

the anti-CD40 model of colitis, in which treatment of T cell- and B cell-deficient mice (e.g.

Rag-2-/-) with anti-CD40 results in weight loss, loose stools, rectal bleeding and inflammation

of the colon mediated by IL-23 [30]. This system represents a good model for the analysis of

innate immune responses during intestinal inflammation. We treated Rag-2-/- mice with anti-

CD40 and 2 days later, total colon or enriched iCD8α cells were cultured. Twenty-four hours

later, osteopontin protein levels were measured in the supernatant. Osteopontin was readily

detected from both total colon (Fig 4A) or iCD8α cells (Fig 4B) derived from anti-CD40-

treated mice in comparison to naïve animals. To determine the kinetics of osteopontin ex-

pression in the intestinal epithelium during inflammation, we treated Rag-2-/-Spp-1-EGFP

knock-in reporter mice with anti-CD40 and measure GFP levels by FACS. The expression of

osteopontin in iCD8α cells remained constant 3-and 7-days after disease induction, whereas

Fig 3. iCD8α cells and osteopontin promote survival of NKp46+NK1.1+ IEL. Enriched CD45+ IEL from small intestine and colon

of Rag-2-/- (a) or E8I-/-Rag-2-/- (b) mice were incubated in the presence or absence of recombinant osteopontin (2μg/ml final

concentration). Cells were recovered 4 hours later, gated as described in the Materials and methods section, and analyzed for annexin

V staining on gated NKp46+NK1.1+ IEL. Data are representative of at least two independent experiments (n = 4). (c) Enriched CD45+

cells from small intestine and colon of Spp-1-/-Rag-2-/- mice were incubated in the presence or absence of iCD8α cells derived from

Rag-2-/- mice, and analyzed as described above. In order to obtain enough iCD8α cells, 2–3 mice were pooled and counted as one

sample (n = 4). Data is representative of at least 2 experiments. (d) Enriched CD45+ cells depleted from iCD8α cells from small

intestine and colon of Spp-1-/-Rag-2-/- mice were incubated in the presence or absence of iCD8α cells derived from small intestine

and colon of Rag-2-/- or Spp-1-/-Rag-2-/- mice, and analyzed as described above. �p<0.05; ���p<0.001; ����p<0.0001 using unpaired

two-tailed Student’s T test.

https://doi.org/10.1371/journal.pone.0215883.g003
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expression of osteopontin in NKp46+NK1.1+ IEL increased at 3- and 7-days post-treatment

(Fig 4C). On the other hand, expression of osteopontin in other IEL populations (represented

as CD8α-NKp46-NK1.1lo/-) decreased during the course of the disease (Fig 4C). These

results indicate that during anti-CD40-induced colitis, iCD8α cells, and to a lesser extent

NKp46+NK1.1+ IEL comprise significant sources of osteopontin in the intestinal epithelium.

Decreased intestinal inflammation in mice deficient in iCD8α cells

To investigate whether iCD8α IEL deficiency has an impact in intestinal inflammation, we

treated E8I
-/-Rag-2-/- mice and control Rag-2-/- mice with anti-CD40. E8I

-/-Rag-2-/- mice lost

less weight throughout the course of the experiment (Fig 5A) and presented less colon pathol-

ogy (Fig 5B). Analysis of the kinetics of osteopontin expression in the colon of anti-CD40-

treated Rag-2-/- and E8I
-/-Rag-2-/- mice showed incremental expression of osteopontin mRNA

at day 2 and 7 post disease induction; however, the levels of osteopontin mRNA levels were

Fig 4. Osteopontin kinetics during intestinal inflammation. Osteopontin protein concentration in the supernatants of (a) whole colon tissue or (b) enriched iCD8α
cell cultures from naïve and anti-CD40-treated Rag-2-/- mice. Data is representative of at least 2 experiments (n = 5). In order to obtain enough iCD8α cells, 2–3 mice

were pooled and counted as one sample (n = 3). (c) GFP expression in the small intestine (similar results were obtained with colon, not shown) of Rag-2-/-Spp-

1-EGFP-KI mice treated with anti-CD40 and analyzed at the indicated time points. Cells were gated as indicated in Fig 1A. Histograms are from a representative sample

(n = 3). Bar graph shows data summary. �p<0.05, ���p<0.001 using unpaired two-tailed Student’s T test.

https://doi.org/10.1371/journal.pone.0215883.g004
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consistently lower in E8I
-/-Rag-2-/- mice than in Rag-2-/- mice (Fig 5C). To investigate whether

treatment with osteopontin increases disease severity in iCD8α cell-deficient mice, E8I
-/-Rag-

2-/- mice were injected i.p. at day -2, -1, and +1 with recombinant osteopontin, with disease

induction with a reduced dose of anti-CD40 at day 0 (a lower dose was chosen to better detect

changes in disease severity). Rag-2-/- control mice lost similar weight with low anti-CD40 than

mice treated with the regular dose (compare Fig 5A and 5D). However, E8I
-/-Rag-2-/- mice

treated with low anti-CD40 recovered faster than E8I
-/-Rag-2-/- mice treated with the full anti-

CD40 dose (compare Fig 5A and 5D). Although, E8I
-/-Rag-2-/- mice treated with recombinant

osteopontin presented weight loss similar to PBS-treated E8I
-/-Rag-2-/- mice during the first

few days after disease induction, the former group did not recover as the PBS-treated group,

and their weights at later time points were more similar to Rag-2-/- control mice. (Fig 5D).

Colon pathological scores were comparable between the control and recombinant osteopontin-

treated E8I
-/-Rag-2-/- groups; however, there was a tendency for higher disease severity in the

latter group (Fig 5E). Inflammation caused by anti-CD40 treatment induced a decrease in

NKp46+NK1.1+ IEL in the small intestine of Rag-2-/- mice (compare Fig 1B vs Fig 5F, left panel)

which was more prominent in colon IEL (Fig 5F, right panel). However, because E8I
-/-Rag-2-/-

mice presented less disease, NKp46+NK1.1+ IEL did not fluctuate between anti-CD40 treated

and untreated mice (compare Fig 1B vs Fig 5F). Moreover, treatment of E8I
-/-Rag-2-/- mice with

osteopontin did not significantly changed the numbers of NKp46+NK1.1+ IEL (Fig 5F). Our

Fig 5. Decreased intestinal inflammation in mice deficient in iCD8α cells. Rag-2-/- and E8I
-/-Rag-2-/- mice were

treated with anti-CD40 and monitored for 7 days for weight change (a). (b) At the endpoint, colons were harvested for

pathological analysis. (c) Osteopontin mRNA expression from the colons of anti-CD40 treated Rag-2-/- and E8I
-/-Rag-

2-/- mice at the indicated time points. Data is representative of at least two independent experiments (n = 6 to 8). (d)

E8I
-/-Rag-2-/- mice were treated with recombinant osteopontin or PBS at day -2, -1 and 1 before and after disease

induction with 70μg of anti-CD40 antibodies, and their weights monitored for 7 days. (e) At the endpoint, colons were

harvested for pathological analysis. Data is representative of at least 3 independent experiments (n = 6 to7). (f) Total

NKp46+NK1.1+ IEL in the indicated mice after day 7 of anti-CD40 treatment. Data is representative of at least 3

independent experiments (n = 6 to7). Each symbol represents and individual mouse. �p<0.05, ��p<0.01, ���p<0.01

using two-way ANOVA (a, d), unpaired two-tailed Student’s T test (b, c) or one-way ANOVA (e).

https://doi.org/10.1371/journal.pone.0215883.g005
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results indicate that administration of osteopontin increases disease severity in the absence of

iCD8α cells.

Discussion

Osteopontin is known to be widely expressed in the intestinal mucosa of ulcerative colitis and

Crohn’s disease patients, and in the latter group, osteopontin plasma levels are increased in

comparison to control individuals [26, 34], suggesting an involvement of this molecule in the

pathology of inflammatory bowel diseases. However, the role of osteopontin in mouse models

of intestinal inflammation is controversial. In the DSS model of colitis, reports vary about the

role of osteopontin, either as a pro or anti-inflammatory factor [23, 34–36]. Moreover, in the

trinitrobenzene sulphonic acid-induced model of colitis, osteopontin-deficient mice fare better

than wild type animals, suggesting a pro-inflammatory role for this cytokine [37]. In contrast,

in the IL-10-deficiency model of spontaneous intestinal inflammation, IL-10-/-Spp-1-/- mice

develop disease faster than IL-10-/- control mice [36]. Finally, adoptive transfer of naïve

CD62LhiCD4+ T cells into Rag-2-/-Spp-1-/- mice resulted in less chronic colitis than Rag-2-/-

recipient mice [38]. How to reconcile these diverse observations? It is possible that the impact

of osteopontin varies depending on the primary cell populations responsible for disease induc-

tion or the disease stage. For example, here we propose that iCD8α cells, via osteopontin, pro-

mote the survival of pro-inflammatory NKp46+NK1.1+ IEL impacting the outcome of acute

colitis, whereas in other disease models osteopontin may differentially influence acute and

chronic inflammation [23]. Therefore, dissecting how osteopontin affects different branches of

the mucosal immune system during steady state levels and inflammatory processes is of critical

relevance to increase our understanding of IEL biology and osteopontin function, as well as

the impact of this cytokine in diseases such as ulcerative colitis and Crohn’s disease.

IEL reside in a unique anatomical location intercalated between IEC, and in close proximity

to the contents of the intestinal lumen. In this environment, IEL are most likely subjected to

distinctive signals during steady-state levels as well as during intestinal immune responses. In

addition, IEL represent a heterogeneous population of lymphocytes with different develop-

mental origins and immunological roles [1–3], and because of this diversity, each IEL popula-

tion may be subjected to particular environmental clues. How different IEL populations

survive and maintain homeostasis in the intestinal epithelium is not very well understood. In

this report, we examine the role of a recently described IEL population, referred to as iCD8α
cells, in the homeostasis of NKp46+NK1.1+ IEL. iCD8α cells promote clearance of the colitis-

inducing pathogen Citrobacter rodentium [11], but also exacerbate colitis via release of gran-

zymes when not properly regulated [39]. The results presented in this report add a new role

for iCD8α IEL as a population promoting the survival of NKp46+NK1.1+ IEL possible by

osteopontin.

Although most of the IEL studies have primarily focused on TCR+ IEL (TCRαβ and γδ),

recently it has become apparent that TCRneg IEL constitute an important fraction of the IEL

compartment. Three distinct TCRneg IEL populations have been characterized to date: iCD3+,

iCD8α, and ILC-like IEL [10, 12–14]. iCD3+ and iCD8α cells appear to be related IEL popula-

tions that require IL-15 for their development. How the homeostasis of these cells is main-

tained in the intestinal epithelium is not clearly understood. There is evidence suggesting that

the thymus leukemia (TL) antigen, a ligand for CD8αα homodimers [40, 41], is needed for

maintenance of iCD8α cells [11]. Some ILC-like IEL require IL-15 for their survival, such as

NKp46-negative IEL [14]. The results presented here show that iCD8α cells support

NKp46+NK1.1+ IEL homeostasis, and that this effect is possibly mediated by osteopontin,

although other factors cannot be ruled out.
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The in vivo evidence presented in this report indicates that iCD8α cells represent one of the

innate IEL populations with the highest levels of osteopontin expression, and that mice defi-

cient in iCD8α cells also present decreased osteopontin levels in the colon (Fig 2A). These

results suggest a putative role for iCD8α cells as a source of osteopontin in the intestinal

epithelium, allowing proper survival of other IEL in steady state conditions. Although

NKp46+NK1.1+ IEL do not produce osteopontin during steady state conditions, the expression

of this cytokine appears incrementally at day 3 and 7 post anti-CD40 treatment. At this

moment, the significance of NKp46+NK1.1+ IEL-derived osteopontin during inflammation is

unknown.

It is important to mention that in order to study innate IEL, our results are based on mouse

models lacking TCR+ IEL. Therefore, we cannot discard the possibility that some TCR+ IEL

may be osteopontin producers in wild type mice. Indeed, in steady state conditions, using an

osteopontin-GFP reporter system, Hattori’s group showed that TCR+CD8α+ IEL represent a

source of osteopontin in the intestines of wild type mice [22]. This group also showed that

TCRγδ+ IEL in vivo are dependent on osteopontin for their survival, whereas in in vitro
conditions, both TCRαβ+ and γδ+ IEL survival is blunted by anti-osteopontin antibodies.

Although the report by Hattori’s group and the results presented herein clearly indicate an

important role for osteopontin in IEL survival, there is still a significant gap in knowledge

about the homeostasis of IEL subpopulations, such as TCRβ+CD4+, TCRβ+CD4+CD8αα+,

TCRβ+CD8αβ+, TCRβ+CD8αα+ and CD8ααnegiCD3+ cells; similarly, it is unknown whether

human IEL require osteopontin for their survival/homeostasis. Another outstanding question

is the receptor used by osteopontin to stimulate IEL. One possible candidate is CD44, a mole-

cule expressed in activated T cells, with the capacity of binding osteopontin [42]. We are cur-

rently investigating the relevance of CD44 as a ligand for osteopontin and its impact on IEL

homeostasis, and these results will be published elsewhere.

It is poorly investigated whether different populations of IEL interact with each other.

There are a few reports that indirectly suggest that this could be the case. For example, TCRγδ
IEL control the activation status and numbers of TCRαβ+CD8αβ+ IEL in humans [43],

whereas iCD8α cells may present antigen to CD4+ IEL in an MHC class II restricted fashion

[11]. Although our results do not provide direct evidence showing interaction between iCD8α
cells and NKp46+NK1.1+ IEL in the intestinal epithelium, IEL may either directly interact with

each other or may communicate via cytokines and/or other factors. However, more research

needs to be done to have a better understanding of IEL-IEL interactions.

In conclusion, in this report we provide evidence indicating an important and novel role

for iCD8α cells in the homeostasis of NKp46+NK1.1+ IEL. We also show that the effect of

iCD8α cells is mediated in part by osteopontin, which adds to the growing roles of this cyto-

kine in different biological processes.
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