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Abstract

CD160 promotes NK cell cytotoxicity and IFN-γ production, but the function of CD160 on CD8+ 

T cells remains unclear with some studies supporting a coinhibitory role and others a 

costimulatory role. In this study, we demonstrate that CD160 has a costimulatory role in 

promoting CD8+ T cell effector functions needed for optimal clearance of oral Listeria 
monocytogenes infection. CD160−/− mice did not clear oral L. monocytogenes as efficiently as 

wild type (WT) littermates. WT RAG−/− and CD160−/− RAG−/− mice similarly cleared L. 
monocytogenes, indicating that CD160 on NK cells does not contribute to impaired L. 
monocytogenes clearance. Defective L. monocytogenes clearance is due to compromised 

intraepithelial lymphocytes and CD8+ T cell functions. There was a reduction in the frequencies of 

granzyme B–expressing intraepithelial lymphocytes in L. monocytogenes–infected CD160−/− 

mice as compared with WT littermate controls. Similarly, the frequencies of granzyme B–

expressing splenic CD8+ T cells and IFN-γ and TNF-α double-producer CD8+ T cells were 

significantly reduced in L. monocytogenes–infected CD160−/− mice compared with WT 

littermates. Adoptive transfer studies showed that RAG−/− recipients receiving CD160−/− CD8+ T 

cells had a higher mortality, exhibited more weight loss, and had a higher bacterial burden 

compared with RAG−/− recipients receiving WT CD8+ T cells. These findings demonstrate that 

CD160 provides costimulatory signals to CD8+ T cells needed for optimal CD8+ T cell responses 

and protective immunity during an acute mucosal bacterial infection.

INTRODUCTION

CD160 is an Ig-like, GPI-anchored cell membrane protein expressed on activated and 

exhausted CD8+ T cells, some CD4+ T cells, intraepithelial lymphocytes (IELs), 
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intraepithelial innate lymphoid cell type 1 (ILC1) cells, NK cells, NKT cells, and myeloid 

cells (1-3). CD160 binds to MHC class I molecules with low affinity and to herpes virus 

entry mediator (HVEM), a TNF receptor family member, with much higher affinity (4, 5). 

HVEM can negatively or positively regulate T cells depending on the ligands/receptors 

engaged, thus serving as a bidirectional switch for T cell regulation. Binding of HVEM to B 

and T lymphocyte attenuator is inhibitory, whereas binding of HVEM to lymphotoxin (LT-

α) or LIGHT (lymphotoxin-like, exhibits inducible expression, and competes with HSV 

glycoprotein D for HVEM, a receptor expressed by T lymphocytes; it is also known as 

TNFSF14) delivers a costimulatory signal (5-7). Recent studies indicate a critical role for 

HVEM–CD160 interactions in mediating intestinal immunity (8, 9). However, the function 

of CD160 remains unclear and may be cell type– and context-specific given the multiple 

binding partners for CD160 and HVEM.

There are data to support both coinhibitory and costimulatory junctions for CD160 (4, 5, 

10-14). Human CD160+ CD4+ T cells received an inhibitory signal upon binding HVEM in 

vitro (5). CD160 is highly expressed by exhausted CD8+ T cells, and cytotoxicity of CD8+ T 

cells from mice infected with lymphocytic choriomeningitis virus (LCMV) clone 13 was 

enhanced by anti-CD160 in vitro (15). These findings point to an inhibitory function for 

CD160. However, there are also studies showing that CD160 can stimulate NK cytotoxicity 

and IFN-γ production and enhance T cell activity (4, 11-13). The interpretation of studies 

with anti-CD160 mAbs and CD160Ig as agonists or antagonists is complex given the 

multiple binding partners for CD160 and HVEM and the notion that HVEM can serve as 

both a receptor and ligand for its binding partners, resulting in proinflammatory or inhibitory 

signals. In this study, we investigate the expression and immunoregulatory functions of 

CD160 on CD8+ T cells in the intestinal microenvironment. Using CD160-deficient mice, 

we demonstrate that CD160 promotes CD8+ T cell cytotoxicity and cytokine production and 

is critical for optimal bacterial clearance during oral Listeria monocytogenes infection.

MATERIALS AND METHODS

Mice

C57BL/6J (000664) wild type (WT) mice, B6.129S7-Rag1tm1Mom/J (002216) (also known 

as RAG1−/−) mice, and B6.129P2-Il10tm1Cgn/J (002251) (also known as IL10−/−) mice were 

obtained from The Jackson Laboratory. B6.Cg-Tcratm1Mom Tg (TcrLCMV)327Sdz (4138), 

also known as P14 transgenic, mice were obtained from Taconic Biosciences. The P14 mice 

carry a transgene that encodes a TCR that is specific for a peptide (gp33) from the LCMV. 

Germ-free (GF) mice were a gift from D. Kasper. The mice used in these studies were 

between 8 and 12 wk old, and littermates were used as controls. All mice were maintained in 

a specific pathogen-free (SPF) facility and used according to Harvard Medical School and 

National Institutes of Health guidelines. Harvard Medical School is accredited by the 

American Association of Accreditation of Laboratory Animal Care.

Generation of CD160-deficient mice

To generate CD160−/− mice, we designed a CD160-targeting vector containing the neo gene 

(Supplemental Fig. 1A). The flanking regions of the CD160 gene were cloned from a 
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CD160 containing bacterial artificial chromosome using standard techniques. Linearized 

vector DNA was electroporated into Bruce 4 C57BL/6 embryonic stem (ES) cells, and the 

resulting neomycin-resistant ES cells were screened for homologous recombination by 

Southern blotting using Bgl I digest with a 5′ external probe and Bgl II digest with a 3′ 
external probe. ES cells carrying the desired recombinant event were microinjected into 

blastocysts, and the resulting chimeric mice gave germline transmission of the targeted 

CD160 allele. The resulting CD160−/− mice lack exons 2 and 3 encoding the signal sequence 

and Ig-V, respectively. Routine genotyping was performed by PCR using primers 5′-

CTTCCTAGAATCGATCCTAGACCG-3′ and 5′-GGCCCTTTATAAAGCTTGA-3′ at an 

annealing temperature of 52°C, which produced a PCR product of 602 bp. Loss of CD160 

transcription was verified by RT-PCR and loss of protein expression by flow cytometry. 

CD160−/− RAG−/− mice were generated by crossing CD160−/− mice with B6.129S7-

Rag1tm1Mom/J (002216), also known as RAG1−/− mice, purchased from The Jackson 

Laboratory.

L. monocytogenes infection and determination of CFU

Streptomycin-resistant L. monocytogenes In1AM strain 10403s expressing a truncated form 

of OVA (16) was grown in brain–heart infusion broth (BD Biosciences) overnight. L. 
monocytogenes was subcultured in the morning into brain–heart infusion broth (1:50 

dilution) and incubated at 37°C until OD600 reached 0.8; 20 ml of L. monocytogenes culture 

of OD600 at 0.8 will yield 2 × 1010 L. monocytogenes. The L. monocytogenes culture was 

centrifuged and resuspended in PBS. Mice were pretreated with 100 μl of 10% sodium 

bicarbonate 10 min prior to infection by oral gavage with 2 × 109 L. monocytogenes using a 

20-gauge curved needle. The infectious dose was confirmed by plating dilutions of the 

inoculum on brain–heart infusion agar plates supplemented with 50 μg/ml streptomycin. 

Organs were homogenized and lysed in PBS with 0.05% Triton X-100, serial dilutions of 

homogenates were plated on brain–heart infusion agar plates supplemented with 50 μg/ml 

streptomycin, and colonies were counted after incubation at 37°C for 24–48 h.

Citrobacter rodentium infection and determination of CFU

Citrobacter rodentium strain DBS100 resistant to chloramphenicol (51495; American Type 

Culture Collection) was used. C. rodentium was grown overnight in Luria–Bertani broth 

(Sigma-Aldrich) with shaking at 37°C. Bacterial cultures were adjusted with PBS for proper 

concentration and individual titers were determined after each experiment by serial dilution. 

Mice were infected with 0.5 × 109–2 × 109 CFU. Postinfection, mice were weighed daily, 

and body weight was calculated as a percentage of initial weight on day 0. Mice were 

sacrificed at the indicated time points postinfection. For CFU assays, fecal pellets were 

weighed, homogenized, serially diluted, and plated on chloramphenicol-containing 

MacConkey agar plates (Teknova).

LCMV clone 13 and Armstrong infection and determination of viral titer

For LCMV clone 13 infections, mice were infected i.v. with LCMV clone 13 at 4 × 106 

PFU. Postinfection, mice were weighed daily, and body weight was calculated as a 

percentage of initial weight on day 0. To determine viral load, serum and kidneys were 

collected at indicated time points, and viral titers were determined by plating diluted serum/
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tissue samples on Vero cells with an agarose overlay. Four days later, the Vero cells were 

stained with neutral red dye, and 14 h later, plaques were quantified. For LCMV Armstrong 

infections, mice were infected i.p. with LCMV Armstrong at 2 × 105 PFU.

Adoptive transfer experiments

For studies with L. monocytogenes, naive CD8+ T cells were isolated using the MACS 

Naive CD8 Isolation Kit (Miltenyi Biotec) according to the manufacturer’s protocol. Then, 3 

× 106 WT or CD160−/− naive CD8+ T cells were adoptively transferred into RAG−/− 

recipients. RAG−/− recipients were infected with 2 × 109 L. monocytogenes the next day.

For studies with LCMV Armstrong, congenically marked WT and CD160−/− P14 T cells 

were isolated using the MACS Naive CD8 Isolation Kit (Miltenyi Biotec) according to the 

manufacturer’s protocol. Five hundred WT and 500 CD160−/− P14 T cells were mixed at 1:1 

ratio and adoptively transferred into WT recipients. WT recipients were infected the next 

day with 2 × 105 PFU LCMV Armstrong.

Isolation of IELs

For cellular analysis of colonic IELs, large intestines were removed from mice. Peyer 

patches were removed and fat was trimmed off the intestines. Intestines were then flipped 

inside out and shaken for 30 min in RPMI 1640 supplemented with 1 mM DTT and 10% 

FBS. IELs were collected from the interface of a 44%/67% Percoll gradient, washed, and 

resuspended in culture medium for analysis.

Abs and flow cytometry analysis

Conjugated Abs specific to CD4 (RM4-5), CD8β (YTS156.7.7), CD8α (53-6.7), TCRβ 
(H57-597), TNF-α (MP6-X722), and IFN-γ (XMG1.2), granzyme B (GB11), CD44 (IM7), 

CD62L (MEL-14), and CD107a (1D4B) were purchased from BioLegend (San Diego, CA). 

Anti-CD160 (CNX46-3), anti-TCRγδ (GL3), and anti-Ki67 (B56) were from BD 

Biosciences (San Jose, CA). SIINFEKL dextramers (JD2163) were purchased from 

Immudex. Single-cell suspensions from spleen or lymph nodes were prepared and 

resuspended in staining buffer (PBS containing 1% FBS and 2 mM EDTA) and stained with 

the indicated Abs. For intracellular cytokine staining, cells were activated with PMA 

(Sigma-Aldrich) and Ionomycin (Sigma-Aldrich) in the presence of GolgiStop (BD 

Biosciences) for 4 h, followed by intracellular staining using the eBioscience Foxp3 

Transcription Factor Staining Buffer Set (ThermoFisher Scientific) according to 

manufacturer’s protocol. For peptide restimulation, splenocytes were restimulated with 1 

μg/ml SIINFEKL peptide (GenScript) or gp33 peptide (GenScript) for 5 h in the presence of 

GolgiPlug (BD Biosciences). Data were acquired on a LSR II (BD Biosciences) and 

analyzed with FlowJo software (Tree Star).

Analysis of cell proliferation by BrdU incorporation

All fixation and permeabilization reagents were obtained from BD Biosciences. Mice were 

injected i.p. with 1.8 mg of BrdU (BD Biosciences) and given water containing 0.8 μg/ml 

BrdU (Sigma-Aldrich) for 5 d. Cells were stained according to the manufacturer’s protocol 

(BD Biosciences).
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T cell cytokine assays

Splenocytes were plated at 1 × 105 and cultured in RPMI 1640 (Invitrogen) supplemented 

with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1% penicillin/streptomycin, and 50 μM 

2-ME. One microgram per milliliter of anti-CD3 (145-2C11; Bio X Cell) was used to 

activate splenocytes in the presence of 5 ng/ml different cytokines: TGF-β (R&D Systems), 

IL-10 (BioLegend), and TNF-α (BioLegend).

Antibiotics treatment

Mice were given antibiotics in drinking water as described (17). In brief, mice were 

provided 1 g/l ampicillin (Sigma-Aldrich), 500 mg/l vancomycin (Sigma-Aldrich), 1 g/l 

neomycin sulfate (Sigma-Aldrich), and 1 g/l metronidazole (Sigma-Aldrich) in drinking 

water for 4 wk.

Statistical analysis

All of the statistical analyses were performed using Prism Software, version 6 (GraphPad). 

Results are presented as mean ± SEM, and significance was determined using an unpaired 

two-tailed Student t test, Mann–Whitney nonparametric test, one-way ANOVA, χ2 or log-

rank (Mantel–Cox) test, as indicated in the figure legends. Asterisks denote level of 

statistical significance (*p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001).

RESULTS

The gut mucosal environment regulates CD160 expression

CD160 is predominately expressed on IELs in the colon at steady state (18, 19). To 

understand the role of CD160 in regulating CD8+ T cell functions in the gut mucosal 

environment, we first sought to understand what regulates CD160 expression in this 

microenvironment. We hypothesized that the mucosal environment drives CD160 expression 

on colonic IELs. To test this hypothesis, we isolated naive CD8+ T cells from the spleen and 

adoptively transferred them into RAG−/− mice. After 10 d, we isolated CD8+ T cells from 

the spleen, mesenteric lymph nodes (mLN), and colonic IEL compartment and analyzed 

them for CD160 expression. CD8+ T cells in the colonic IEL compartment expressed higher 

levels of CD160 compared with mLN and spleen (Fig. 1A), and the frequency of CD160-

expressing CD8+ T cells in the colonic IEL compartment was increased compared with 

CD8+ T cells in the spleen and mLN (Fig. 1B), suggesting that the intestinal environment 

promotes CD160 expression on CD8+ T cells.

We next investigated factors in the intestinal environment that might induce CD160 

expression. Because intestinal T cells are described as activated (20), we tested whether 

TCR engagement induces CD160 expression by using P14 TCR transgenic mice in which 

the TCR recognizes LCMV peptide gp33. We hypothesized that IELs from unmanipulated 

P14 transgenic mice might express lower CD160 levels because of the absence of cognate 

Ag gp33 in the gut environment as compared with IELs isolated from non-P14 transgenic 

mice. Consistent with this hypothesis, the frequency of CD160+ IELs (Fig. 1C) in P14 

transgenic mice was reduced compared with IELs isolated from non-P14 transgenic mice. 

Tan et al. Page 5

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These results suggest that TCR engagement may be one factor that promotes CD160 

expression.

One of the unique features of the intestinal environment is the cytokine milieu. The intestinal 

environment has high levels of IL-10 and TGF-β (21, 22). To test whether IL-10 and TGF-β 
can induce CD160 expression on CD8+ T cells, we stimulated CD8+ T cells with anti-CD3 

in vitro in the presence of IL-10 and/or TGF-β. Activated CD8+ T cells expressed higher 

levels of CD160 than unstimulated CD8+ T cells. CD8+ T cells activated in the presence of 

IL-10 had even higher levels of CD160, whereas CD8+ T cells activated in the presence of 

TGF-β expressed less CD160 (Fig. 1D). It is likely that CD8+ T cells stimulated in the 

presence of TGF-β were not maximally activated because of the immunosuppressive effects 

of TGF-β (23). To determine whether IL-10 can regulate CD160 expression on IELs, we 

compared CD160 expression on TCRαβ+ and TCRγδ+ colonic IELs from WT and IL-10−/− 

mice ex vivo. IL-10−/− mice had a reduced frequency of CD160-expressing TCRαβ+ and 

TCRγδ+ colonic IELs (Fig. 1E), suggesting that IL-10 can augment CD160 expression on 

colonic IELs and CD8+ T cells.

The microbiota can regulate CD160 expression on IELs

Another unique feature of the intestinal environment is the microbiota. Therefore, we also 

investigated whether CD160 expression on colonic IELs is regulated by the microbiota. 

First, we treated mice with a mixture of antibiotics in drinking water for 4 wk (17) and then 

analyzed colonic IELs for CD160 expression. Colonic IELs from the antibiotic-treated mice 

expressed higher levels of CD160 compared with mice given regular drinking water (Fig. 

2A). We next validated these findings using age-matched mice that were GF versus SPF 

(SPF but containing normal microbiota). CD160 expression was elevated on colonic IELs 

from GF mice compared with SPF mice (Fig. 2B). Collectively, our results suggest that the 

normal microbiota may downregulate CD160 expression on IELs.

Immune characterization of IELs in CD160−/− mice at steady state

To study the role of CD160 on CD8+ T cells and colonic IELs, we used CD160-deficient 

(CD160−/−)mice. We generated CD160−/− mice by gene targeting (Supplemental Fig. 1A). 

The CD160 signal and Ig-V–like exons are deleted in CD160−/− mice (Supplemental Fig. 

1A), eliminating CD160 binding to HVEM. We verified the absence of CD160 protein 

expression in CD160−/− mice (Supplemental Fig. 1B) by evaluating CD160 expression on 

colonic IELs by flow cytometry ex vivo. CD160−/− mice had comparable thymic 

development and peripheral lymphoid compartment at steady state as WT littermates. There 

were no differences in the frequencies and numbers of CD4+ and CD8+ T cells, Foxp3+ T 

regulatory cells, double positive and double negative T cells in CD160−/−, and age-matched 

WT littermates (Supplemental Fig. 1C). Similarly, CD160−/− mice and WT littermates had 

comparable frequencies and numbers of CD8+, CD4+, Foxp3+ T regulatory cells, CD11b+, 

CD11c+, and NK1.1+ immune cells in the spleen (Supplemental Fig. 1D).

When we compared WT and CD160−/− IELs from the colon, there was a modest reduction 

in colonic IEL cellularity in CD160−/− mice (Supplemental Fig. 2A), and the numbers of 

both TCRαβ+ and TCRγδ+ colonic IELs were reduced (Supplemental Fig. 2B). To 
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determine whether the reduction in colonic IEL numbers in CD160−/− mice is due to 

impaired proliferation, we compared proliferation of WT and CD160−/− colonic IELs using 

BrdU. We administered BrdU in the drinking water for 5 d and measured BrdU 

incorporation. Colonic IELs in WT and CD160−/− mice incorporated similar levels of BrdU, 

suggesting that WT and CD160−/− colonic IELs proliferate at a similar rate (Supplemental 

Fig. 2C). We also investigated whether CD160 contributes to colonic IEL junctions by 

comparing granzyme B, IFN-γ, and TNF-α production in WT and CD160−/− colonic IELs. 

There were similar frequencies of granzyme B–expressing CD160−/− and WT colonic IELs 

(Supplemental Fig. 2D). Additionally, similar frequencies of IFN-γ– and TNF-α–producing 

colonic IELs (Supplemental Fig. 2E) were found in CD160−/− and WT littermates. These 

findings indicate that CD160−/− colonic IELs do not exhibit immune defects at steady state.

CD160−/− and WT mice exhibit comparable immune responses during LCMV clone 13 and 
Armstrong infection

Because CD160 is expressed on exhausted CD8+ T cells (15, 24, 25) and in vitro studies 

support an inhibitory role for CD160 in exhausted CD8+ T cells, we investigated CD160 

function during LCMV clone 13 infection, a chronic viral infection. We infected WT and 

CD160−/− mice with LCMV clone 13 and found comparable viral titers in the serum 

(Supplemental Fig. 3A) and in the kidney (Supplemental Fig. 3B). There were similar 

frequencies Supplemental Fig. 3C) and numbers (Supplemental Fig. 3D) of IFN-γ– and 

TNF-α–producing splenic CD8+ T cells on day 65 alter LCMV clone 13 infection as 

determined by stimulation of LCMV Armstrong–infected splenocytes with gp33 peptide and 

subsequent evaluation of intracellular IFN-γ and TNF-α expression, suggesting that there 

are no functional differences between WT and CD160−/− splenic CD8+ T cells during 

LCMV clone 13 infection.

We also investigated whether CD160 has a cell intrinsic role in regulating CD8+ T cell 

functions during acute LCMV infection by adoptively transferring equal numbers of 

congenically marked WT and CD160−/− P14 T cells into WT recipient mice that were 

infected with LCMV Armstrong the following day (Supplemental Fig. 3E). On day 7 after 

LCMV Armstrong infection, similar numbers (Supplemental Fig. 3F) and similar 

frequencies of CD44hi CD62Llo activated (Supplemental Fig. 3G), and granzyme B–

expressing (Supplemental Fig. 4H) WT and CD160−/− P14 T cells were observed. Likewise, 

there were similar frequencies of IFN-γ– and TNF-α–producing (Supplemental Fig. 3I, 3J) 

WT and CD160−/− P14 T cells as determined by stimulation of LCMV Armstrong–infected 

splenocytes with gp33 peptide and subsequent evaluation of intracellular IFN-γ and TNF-α 
expression. These results suggest there are no functional differences between WT and 

CD160−/− P14 during acute LCMV Armstrong infection. It may be that other inhibitory 

pathways are redundant with and compensate for CD160 deficiency during acute and 

chronic LCMV infection in vivo.

CD160−/− and WT mice respond similarly to C. rodentium infection

Because recent studies have pointed to an important role for CD160 during enteric infections 

with C. rodentium and Clostridium difficile (8, 26), we investigated CD160 function during 

C. rodentium infection. We infected WT and CD160−/− mice with C. rodentium and 
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measured bacterial burden as well as weight loss. WT and CD160−/− mice exhibited similar 

C. rodentium burden in the stool on days 8, 11, and 19 postinfection (Supplemental Fig. 4A) 

and displayed similar weight loss in the first 11 d postinfection (Supplemental Fig. 4B). 

These findings indicate that CD160−/− mice do not exhibit defects in clearance of C. 
rodentium infection. Because the clearance of C. rodentium infection is dependent on CD4+ 

T cells, and not CD8+ T cells (27, 28), it is likely that CD160−/− and WT mice had similar 

CD4+ T cell responses to C. rodentium.

CD160−/− mice have impaired clearance of oral L. monocytogenes infection

Because CD160 is predominately expressed on IELs in the colon at steady state and induced 

on CD8+ T cells upon activation, we next examined the functions of CD160 in regulating 

CD8+ T cells and IELs functions during an oral L. monocytogenes infection using an OVA-

expressing L. monocytogenes strain (16). We determined whether CD160 expression 

changes during the course of oral L. monocytogenes infection. CD160 expression on both 

TCRαβ+ and TCRγδ+ colonic IELs was upregulated on day 3, when L. monocytogenes 
burden in vivo is at the peak, and began to decline by day 7 after L. monocytogenes infection 

(Fig. 3A, 3B). The numbers of CD160-expressing, TCRαβ+ colonic IELs (Fig. 3B) also 

were dramatically increased on day 7 postinfection. Similarly, CD160 expression was higher 

on CD8+ T cells in the spleen and mLN (Fig. 3C) on day 7 postinfection compared with 

uninfected controls. These findings suggest a potential role for CD160 in regulating colonic 

IELs and CD8+ T cells during L. monocytogenes infection.

To examine the functional significance of CD160 during L. monocytogenes infection, we 

challenged WT and CD160−/− littermates with oral L. monocytogenes infection and 

measured bacterial burden at the peak of infection 3 d later. WT and CD160−/− mice 

exhibited similar L. monocytogenes burden in the spleen, mLN, small intestine, and colon at 

peak disease (Fig. 4A). In contrast, on day 7 postinfection, CD160−/− mice had a higher L. 
monocytogenes burden in the colon compared with WT littermates (Fig. 4B), and markedly 

fewer CD160−/− mice (~18%) cleared L. monocytogenes in the colon compared with WT 

littermates (~70%) (Fig. 4C). However, CD160−/− mice exhibited similar L. monocytogenes 
burden in the spleen and mLN on day 7 postinfection (Fig. 4D). These results indicate 

defective clearance of L. monocytogenes in the colon of CD160−/− mice.

Although CD160 is predominately expressed on colonic IELs at steady state, CD160 also is 

expressed on intraepithelial ILC1 and NK cells, cells of the innate immune system (3, 4, 29). 

Therefore, impaired clearance of L. monocytogenes in CD160−/− mice may reflect altered 

functions of CD160-deficient colonic IELs, CD8+ T cells, intraepithelial ILC1, and/or NK 

cells. To determine whether CD160 on intraepithelial ILC1 and NK cells contributes to 

optimal clearance of L. monocytogenes, we examined L. monocytogenes infection in RAG
−/− mice. We orally infected WT RAG−/− and CD160−/− RAG−/− littermates with L. 
monocytogenes and measured bacterial burden at 3 and 7 d postinfection. WT RAG−/− and 

CD160−/− RAG−/− mice had similar L. monocytogenes burdens in the spleen, mLN small 

intestine, and colon on day 3 (Fig. 4E) and day 7 postinfection (Fig. 4F). The similar L. 
monocytogenes clearance in WT RAG−/− and CD160−/− RAG−/− mice suggests that CD160 

on intraepithelial ILC1 and NK cells does not contribute to L. monocytogenes clearance. 
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These studies indicate that impaired L. monocytogenes clearance in CD160−/− mice reflects 

alterations in colonic CD160−/− IELs and CD8+ T cells.

CD160 promotes CD8+ T cell effector functions during L. monocytogenes infection

Because clearance of L. monocytogenes is dependent on an effective CD8+ T cell response 

(30-34), we next examined if CD160 on CD8+ T cells contributes to optimal clearance of L. 
monocytogenes. We first evaluated colonic IEL cellularity in WT and CD160−/− littermates 

on day 7 after L. monocytogenes infection. Colonic IELs from L. monocytogenes–infected 

WT and CD160−/− littermates were similar in number (Fig. 5A) and Ki67 expression (Fig. 

5B), suggesting that impaired clearance of L. monocytogenes in CD160−/− mice is not due 

to defects in colonic IEL numbers or proliferation in CD160−/− mice. Next, we analyzed WT 

and CD160−/− colonic IEL effector functions on day 7 after L. monocytogenes infection. 

There were similar frequencies of WT and CD160−/− colonic IELs producing IFN-γ and 

TNF-α (Fig. 5C). However, the frequency of granzyme B–expressing colonic IELs in 

CD160−/− mice was reduced compared with WT littermates (Fig. 5D), pointing to a role for 

CD160 in regulating cytolytic function in IELs.

Because L. monocytogenes can spread systemically during infection (35, 36), we also 

characterized CD8+ T cell responses in the spleen on day 7 after L. monocytogenes 
infection. The frequencies of OVA-specific (Fig. 6A) and Ki67-expressing (Fig. 6B) CD8+ T 

cells were reduced, suggesting a proliferation defect in CD160−/− CD8+ T cells. In addition, 

the frequency of granzyme B–expressing CD8+ T cells was decreased significantly in 

CD160−/− mice compared with WT littermates (Fig. 6C). Likewise, the frequency of IFN-γ 
and TNF-α CD8+ T cell double producers in the spleen in CD160−/− mice was less than WT 

littermates (Fig. 6D), as determined by stimulation of L. monocytogenes–ova-infected 

splenocytes with SIINFEKL peptide and subsequent evaluation of intracellular IFN-γ and 

TNF-α expression. These findings demonstrate that CD160 promotes CD8+ T cell effector 

functions (including granzyme B, IFN-γ, and TNF-α production).

CD160 on CD8+ T cells is required for optimal clearance of L. monocytogenes

Because CD160 is absent on a variety of cell types in CD160−/− mice, we further examined 

the role of CD160 on CD8+ T cells for L. monocytogenes clearance using an adoptive 

transfer approach. We transferred naive WT or CD160−/− CD8+ T cells into RAG−/− mice, 

infected them with L. monocytogenes the following day (Fig. 7A), and compared the course 

of infection. RAG−/− recipients receiving CD160−/− CD8+ T cells had a higher mortality 

(Fig. 7B) and exhibited more weight loss (Fig. 7C) as well as a higher bacteria burden 

compared with RAG−/− recipients receiving WT CD8+ T cells (Fig. 7D). These data 

demonstrate that CD160 is required on CD8+ T cells for optimal clearance of L. 
monocytogenes.

DISCUSSION

There are data to support both coinhibitory and costimulatory functions for CD160. CD160 

can promote NK cell cytotoxicity and IFN-γ production in vitro and in vivo (4, 10, 13, 29). 

In vitro binding of HVEM to CD160 on human CD4+ T cells delivered an inhibitory signal 

Tan et al. Page 9

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the T cell (5), whereas anti-CD160 mAb enhanced the junction of exhausted CD8+ T cells 

from LCMV clone 13–infected mice in vitro (15). Less is known about the function of 

CD160 on T cells in vivo. Recent reports indicating that CD160 may regulate immune 

responses during enteric infections (8, 26) led us to investigate CD160 expression and 

function in the gut microenvironment as well as during acute and chronic LCMV infection. 

Our studies reveal that CD160 promotes CD8+ T cell effector functions during oral infection 

with L. monocytogenes and is critical for optimal clearance of this acute bacterial infection.

We identified several factors that regulate CD160 expression in IELs in the intestinal 

microenvironment. We determined that TCR signals as well as cytokines drive CD160 

expression on colonic IELs. Unexpectedly, we found that CD160 expression is elevated on 

colonic IELs from GF mice and antibiotic-treated mice, suggesting that the microbiota may 

downregulate CD160 expression on colonic IELs. A recent study elegantly demonstrated 

that interactions between CD160 on IELs and HVEM on intestinal epithelial cells result in 

HVEM signaling within intestinal epithelial cells that induces production of antimicrobial 

peptides and inflammatory cytokines critical for protection against C. rodentium infection 

(8). Our findings suggest that the microbiota may attenuate CD160 expression on colonic 

IELs as a mechanism to enable their optimal survival in the intestinal microenvironment. 

Downregulation of CD160 on IELs is partially dependent on TLR signaling based on 

analysis of colonic IELs from MyD88−/− mice in which we found that CD160 expression is 

reduced on MyD88−/− colonic IELs as compared with WT colonic IELs (C. Tan and A. H. 

Sharpe, unpublished observations). How the microbiota downregulate CD160 expression on 

colonic IELs and whether the downregulation of CD160 expression on colonic IELs is 

dependent on certain microbial species warrant future investigation.

Although recent studies revealed that interactions between CD160-expressing IELs and 

HVEM on intestinal epithelial cells were critical for mediating intestinal immunity during 

enteric infections (8, 26), the biological significance of CD160 signaling during an enteric 

infection is unknown. To address this issue, we compared oral infection of WT and 

CD160−/− mice with C. rodentium and found comparable clearance. C. rodentium infection 

induces robust Th1 and Th17 responses, and the clearance of C. rodentium infection 

depends on CD4+ T cells and not CD8+ T cells (27, 28). Th17 responses are important for 

the control of C. rodentium infection (37, 38). We did not assess Th17 responses in 

CD160−/− mice infected with C. rodentium. It is possible that CD160−/− and WT mice were 

able to clear C. rodentium similarly because of comparable Th17 responses. Further work is 

needed to determine whether CD160 regulates CD4+ T cells functions and Th17 responses 

during intestinal inflammation and enteric infections.

We also examined the role of CD160 during oral Listeria infection. We determined that 

CD160 was necessary in CD8+ T cells (independent of CD160 functions on ILC1 and NK 

cells) for clearance of L. monocytogenes in the colon. The role of IFN-γ production by NK 

cells in early L. monocytogenes infection is controversial (39). Some studies suggest that 

IFN-γ production by NK cells is critical for resistance to L. monocytogenes, whereas others 

suggest that NK cells do not take part in early host defense during L. monocytogenes 
infection (40-42) and that IFN-γ production by NK cells has no effect on control of L. 
monocytogenes infection (43). These conflicting results regarding the role of NK cells 
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during L. monocytogenes infection are most likely due to differences in experimental setup 

such as Ab-mediated depletion of NK cells versus genetic knockout mouse models, route of 

L. monocytogenes infections (i.p., i.v., or oral gavage), and the background of the mouse 

strains (BALB/c versus C57BL/6). Hence, the role of NK cells during L. monocytogenes 
infection is still poorly understood. CD160-mediated IFN-γ production in NK cells plays a 

critical role in several tumor models (29), and CD160 on intraepithelial ILC1 cells may 

contribute to intestinal inflammation in an anti-CD40 colitis model (3). Although we did not 

assess IFN-γ production in CD160−/− NK cells or intraepithelial ILC1 cells during L. 
monocytogenes infection, our studies show that CD160 on CD8+ T cells was required for 

optimal clearance of L. monocytogenes. Further work is needed to understand how CD160 

regulates NK cell and intraepithelial ILC1 cell functions during intestinal inflammation and 

enteric infections.

Our studies support a costimulatory junction in CD8+ T cells during acute L. 
monocytogenes infection. We demonstrated that CD160 promotes CD8+ T cell effector 

functions needed for optimal clearance of L. monocytogenes. The frequency of granzyme 

B–expressing colonic IELs was decreased in L. monocytogenes–infected CD160−/− mice, 

pointing to a role for CD160 in promoting colonic IEL functions during L. monocytogenes 
infection. Likewise, the frequencies of splenic CD8+ T cells that produced granzyme B and 

IFN-γ and TNF-α double producers were reduced in CD160−/− mice. The reduced 

frequencies of granzyme B and IFN-γ may also indicate a role for CD160 in regulating 

CD8+ T cell migration or survival. The regulation of colonic IEL functions is still poorly 

understood, and CD160−/− mice provide a useful means to study how the functions of IEL 

are regulated.

CD160 is a GPI-anchored protein that is localized in lipid rafts. Therefore, it is possible that 

CD160 may regulate the activation of TCR proximal signaling. Studies have suggested that 

CD160 may interact with protein tyrosine kinase p56lck and promote the PI3 kinase/AKT 

pathway (11, 44, 45). The reduced T cell effector functions in CD160−/− mice are consistent 

with a role for CD160 in modulating TCR signals and encourage investigation of 

mechanisms by which CD160 provides costimulatory signals.

Although CD160 is expressed on exhausted CD8+ T cells (15, 24, 25) and in vitro studies 

support an inhibitory role for CD160 in exhausted CD8+ T cells, we found no differences in 

viral clearance and CD8+ T cell functions in CD160−/− and WT mice infected with LCMV 

clone 13. It may be that other inhibitory pathways compensate for CD160 during chronic 

LCMV in vivo. We also did not find any differences in responses of CD160−/− and WT P14 

T cells to acute LCMV infection. Given the predominant expression of CD160 in the 

intestinal microenvironment and our findings, we speculate that CD160 may have a major 

role in mucosal immunity.

In summary, our work reveals a previously unappreciated stimulatory role for CD160 in 

promoting CD8+ T cell effector functions during oral L. monocytogenes infection. Using 

CD160−/− mice, we demonstrated that CD160 is required for optimal granzyme B, IFN-γ, 

and TNF-α production by CD8+ T cells following L. monocytogenes infection. Our work 

adds to the growing literature supporting a special immunoregulatory role for CD160 in the 
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intestinal microenvironment. Further understanding of how CD160 regulates mucosal 

immunity is needed to determine how CD160 modulation could be used effectively to treat 

intestinal inflammatory diseases, infections, and cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank members of the Sharpe Laboratory for all the helpful discussion, Xiaohui He for technical assistance, the 
Immunology Research Core Facilities for sorting and flow cytometry analysis, and Dennis Kasper for providing 
gnotobiotic mice for these studies.

This work was supported by National Institutes of Health Ruth L. Kirschstein National Research Service Award 
1F31 DK105624-01A1 to C.L.T. and National Institutes of Health Grants P01 AI56299 (to A.H.S. and G.J.F.), 
R21AI44690 (to G.J.F.), and R01 40614 (to A.H.S.).

Abbreviations used in this article:

ES embryonic stem

GF germ-free

HVEM herpes virus entry mediator

IEL intraepithelial lymphocyte

ILC1 intraepithelial innate lymphoid cell type 1

LCMV lymphocytic choriomeningitis virus

mLN mesenteric lymph node

SPF specific pathogen-free

WT wild type

REFERENCES

1. Maïza H, Leca G, Mansur IG, Schiavon V, Boumsell L, and Bensussan A. 1993 A novel 80-kD cell 
surface structure identifies human circulating lymphocytes with natural killer activity. J. Exp. Med 
178: 1121–1126. [PubMed: 7688788] 

2. Anumanthan A, Bensussan A, Boumsell L, Christ AD, Blumberg RS, Voss SD, Patel AT, Robertson 
MJ, Nadler LM, and Freeman GJ. 1998 Cloning of BY55, a novel Ig superfamily member expressed 
on NK cells, CTL, and intestinal intraepithelial lymphocytes. J. Immunol 161: 2780–2790. 
[PubMed: 9743336] 

3. Fuchs A, Vermi W, Lee JS, Lonardi S, Gilfillan S, Newberry RD, Cella M, and Colonna M. 2013 
Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-12- and IL-15-responsive IFN-
γ-producing cells. Immunity 38: 769–781. [PubMed: 23453631] 

4. Barakonyi A, Rabot M, Marie-Cardine A, Aguerre-Girr M, Polgar B, Schiavon V, Bensussan A, and 
Le Bouteiller P. 2004 Cutting edge: engagement of CD160 by its HLA-C physiological ligand 
triggers a unique cytokine profile secretion in the cytotoxic peripheral blood NK cell subset. J. 
Immunol 173: 5349–5354. [PubMed: 15494480] 

Tan et al. Page 12

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Cai G, Anumanthan A, Brown JA, Greenfield EA, Zhu B, and Freeman GJ. 2008 CD160 inhibits 
activation of human CD4+ T cells through interaction with herpesvirus entry mediator. [Published 
erratum appears in 2008 Nat. Immunol 9: 567.] Nat. Immunol 9: 176–185. [PubMed: 18193050] 

6. Šedý JR, Gavrieli M, Potter KG, Hurchla MA, Lindsley RC, Hildner K, Scheu S, Pfeffer K, Ware 
CF, Murphy TL, and Murphy KM. 2005 B and T lymphocyte attenuator regulates T cell activation 
through interaction with herpesvirus entry mediator. Nat. Immunol 6: 90–98. [PubMed: 15568026] 

7. Steinberg MW, Cheung TC, and Ware CF. 2011 The signaling networks of the herpesvirus entry 
mediator (TNFRSF14) in immune regulation. Immunol. Rev 244: 169–187. [PubMed: 22017438] 

8. Shui J-W, Larange A, Kim G, Vela JL, Zahner S, Cheroutre H, and Kronenberg M. 2012 HVEM 
signalling at mucosal barriers provides host defence against pathogenic bacteria. Nature 488: 222–
225. [PubMed: 22801499] 

9. Sadighi Akha AA, McDermott AJ, Theriot CM, Carlson PE Jr., Frank CR, McDonald RA, 
Falkowski NR, Bergin IL, Young VB, and Huffnagle GB. 2015 Interleukin-22 and CD160 play 
additive roles in the host mucosal response to Clostridium difficile infection in mice. Immunology 
144: 587–597. [PubMed: 25327211] 

10. Le Bouteiller P, Barakonyi A, Giustiniani J, Lenfant F, Marie-Cardine A, Aguerre-Girr M, Rabot 
M, Hilgert I, Mami-Chouaib F, Tabiasco J, et al. 2002 Engagement of CD160 receptor by HLA-C 
is a triggering mechanism used by circulating natural killer (NK) cells to mediate cytotoxicity. 
Proc. Natl. Acad. Sci. USA 99: 16963–16968. [PubMed: 12486241] 

11. Nikolova M, Marie-Cardine A, Boumsell L, and Bensussan A. 2002 BY55/CD160 acts as a co-
receptor in TCR signal transduction of a human circulating cytotoxic effector T lymphocyte subset 
lacking CD28 expression. Int. Immunol 14: 445–451. [PubMed: 11978774] 

12. D’Addio F, Ueno T, Clarkson M, Zhu B, Vergani A, Freeman GJ, Sayegh MH, Ansari MJI, Fiorina 
P, and Habicht A. 2013 CD160Ig fusion protein targets a novel costimulatory pathway and 
prolongs allograft survival. PLoS One 8: e60391. [PubMed: 23593209] 

13. Agrawal S, Marquet J, Freeman GJ, Tawab A, Bouteiller PL, Roth P, Bolton W, Ogg G, Boumsell 
L, and Bensussan A. 1999 Cutting edge: MHC class I triggering by a novel cell surface ligand 
costimulates proliferation of activated human T cells. J. Immunol 162: 1223–1226. [PubMed: 
9973372] 

14. Cai G, and Freeman GJ. 2009 The CD160, BTLA, LIGHT/HVEM pathway: a bidirectional switch 
regulating T-cell activation. Immunol. Rev 229: 244–258. [PubMed: 19426226] 

15. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, Betts MR, Freeman GJ, 
Vignali DAA, and Wherry EJ. 2009 Coregulation of CD8+ T cell exhaustion by multiple 
inhibitory receptors during chronic viral infection. Nat. Immunol 10: 29–37. [PubMed: 19043418] 

16. Sheridan BS, Pham Q-M, Lee Y-T, Cauley LS, Puddington L, and Lefrançis L. 2014 Oral infection 
drives a distinct population of intestinal resident memory CD8(+) T cells with enhanced protective 
function. Immunity 40: 747–757. [PubMed: 24792910] 

17. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, and Medzhitov R. 2004 Recognition 
of commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell 118: 
229–241. [PubMed: 15260992] 

18. Hayday A, Theodoridis E, Ramsburg E, and Shires J. 2001 Intraepithelial lymphocytes: exploring 
the Third way in immunology. Nat. Immunol 2: 997–1003. [PubMed: 11685222] 

19. Masopust D, Vezys V, Wherry EJ, Barber DL, and Ahmed R. 2006 Cutting edge: gut 
microenvironment promotes differentiation of a unique memory CD8 T cell population. J. 
Immunol 176: 2079–2083. [PubMed: 16455963] 

20. Montufar-Solis D, Garza T, and Klein JR. 2007 T-cell activation in the intestinal mucosa. Immunol. 
Rev 215: 189–201. [PubMed: 17291289] 

21. Kamanaka M, Kim ST, Wan YY, Sutterwala FS, Lara-Tejero M, Galán JE, Harhaj E, and Flavell 
RA. 2006 Expression of interleukin-10 in intestinal lymphocytes detected by an interleukin-10 
reporter knockin tiger mouse. Immunity 25: 941–952. [PubMed: 17137799] 

22. Konkel JE, and Chen W. 2011 Balancing acts: the role of TGF-β in the mucosal immune system. 
Trends Mol. Med 17: 668–676. [PubMed: 21890412] 

23. Chen W, and Ten Dijke P. 2016 Immunoregulation by members of the TGFβ superfamily. Nat. Rev. 
Immunol 16: 723–740. [PubMed: 27885276] 

Tan et al. Page 13

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Pombo C, Wherry EJ, Gostick E, Price DA, and Betts MR. 2015 Elevated expression of CD160 
and 2B4 defines a cytolytic HIV-specific CD8+ T-cell population in elite controllers. J. Infect. Dis 
212:1376–1386. [PubMed: 25883386] 

25. Bensussan A, Rabian C, Schiavon V, Bengoufa D, Leca G, and Boumsell. 1993 Significant 
enlargement of a specific subset of CD3 +CD8+ peripheral blood leukocytes mediating cytotoxic 
T-lymphocyte activity during human immunodeficiency virus infection. Proc. Natl. Acad. Sci. 
USA 90: 9427–9430. [PubMed: 8415717] 

26. Sadighi Akha AA, McDermott AJ, Theriot CM, Carlson PE Jr., Frank CR, McDonald RA, 
Falkowski NR, Bergin IL, Young VBand Huffnagle GB. 2015 Interleukin-22 and CD160 play 
additive roles in the host mucosal response to Clostridium difficile infection in mice. Immunology 
144: 587–597. [PubMed: 25327211] 

27. Simmons CP, Clare S, Ghaem-Maghami M, Uren TK, Rankin J, Huett A, Goldin R, Lewis DJ, 
MacDonald TT, Strugnell RA, et al. 2003 Central role for B lymphocytes and CD4+ T cells in 
immunity to infection by the attaching and effacing pathogen Citrobacter rodentium. Infect. 
Immun 71: 5077–5086. [PubMed: 12933850] 

28. Shiomi H, Masuda A, Nishiumi S, Nishida M, Takagawa T, Shiomi Y, Kutsumi H, Blumberg RS, 
Azuma T, and Yoshida M. 2010 Gamma interferon produced by antigen-specific CD4+ T cells 
regulates the mucosal immune responses to Citrobacter rodentium infection. Infect. Immun 78: 
2653–2666. [PubMed: 20351140] 

29. Tu TC, Brown NK, Kim TJ, Wroblewska J, Yang X, Guo X, Lee SH, Kumar V, Lee KM, and Fu 
YX. 2015 CD160 is essential for NK-mediated IFN-γ production. J. Exp. Med 212: 415–429. 
[PubMed: 25711213] 

30. Ladel CH, Flesch IE, Arnoldi J, and Kaufmann SH. 1994 Studies with MHC-deficient knock-out 
mice reveal impact of both MHC I- and MHC II-dependent T cell responses on Listeria 
monocytogenes infection. J. Immunol 153: 3116–3122. [PubMed: 7726898] 

31. Harty JT, Schreiber RD, and Bevan MJ. 1992 CD8 T cells can protect against an intracellular 
bacterium in an interferon gamma-independent fashion. Proc. Natl. Acad. Sci. USA 89: 11612–
11616. [PubMed: 1360672] 

32. White DW, and Harty JT. 1998 Perforin-deficient CD8+ T cells provide immunity to Listeria 
monocytogenes by a mechanism that is independent of CD95 and IFN-γ but requires TNF-α. J. 
Immunol 160: 898–905. [PubMed: 9551927] 

33. Kägi D, Vignaux F, Ledermann B, Börki K, Depraetere V, Nagata S, Hengartner H, and Golstein P. 
1994 Fas and perforin pathways as major mechanisms of T cell-mediated cytotoxicity. Science 
265: 528–530. [PubMed: 7518614] 

34. Messingham KAN, Badovinac VP, Jabbari A, and Harty JT. 2007 A role for IFN-gamma from 
antigen-specific CD8+ T cells in protective immunity to Listeria monocytogenes. J. Immunol 179: 
2457–2466. [PubMed: 17675507] 

35. Cossart P, and Lebreton A. 2014 A trip in the “New Microbiology” with the bacterial pathogen 
Listeria monocytogenes. FEBS Lett. 588: 2437–2445. [PubMed: 24911203] 

36. Marco AJ, Altimira J, Prats N, López S, Dominguez L, Domingo M, and Briones V. 1997 
Penetration of Listeria monocytogenes in mice infected by the oral route. Microb. Pathog 23: 255–
263. [PubMed: 9405203] 

37. Geddes K, Rubino SJ, Magalhaes JG, Streutker C, Le Bourhis L, Cho JH, Robertson SJ, Kim CJ, 
Kaul R, Philpott DJ, and Girardin SE. 2011 Identification of an innate T helper type 17 response to 
intestinal bacterial pathogens. Nat. Med 17: 837–844. [PubMed: 21666695] 

38. Torchinsky MB, Garaude J, Martin AP, and Blander JM. 2009 Innate immune recognition of 
infected apoptotic cells directs T(H)17 cell differentiation. Nature 458: 78–82. [PubMed: 
19262671] 

39. Dunn PL, and North RJ. 1991 Early gamma interferon production by natural killer cells is 
important in defense against murine listeriosis. Infect. Immun 59: 2892–2900. [PubMed: 1679040] 

40. Takada H, Matsuzaki G, Hiromatsu K, and Nomoto K. 1994 Analysis of the role of natural killer 
cells in Listeria monocytogenes infection: relation between natural killer cells and T-cell receptor 
gamma delta T cells in the host defence mechanism at the early stage of infection. Immunology 
82: 106–112. [PubMed: 8045587] 

Tan et al. Page 14

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Teixeira HC, and Kaufmann SH. 1994 Role of NK1.1+ cells in experimental listeriosis. NK1+ cells 
are early IFN-gamma producers but impair resistance to Listeria monocytogenes infection. J. 
Immunol 152: 1873–1882. [PubMed: 8120395] 

42. Andersson A, Dai WJ, Di Santo JP, and Brombacher F. 1998 Early IFN-gamma production and 
innate immunity during Listeria monocytogenes infection in the absence of NK cells. J. Immunol 
161: 5600–5606. [PubMed: 9820538] 

43. Clark SE, Filak HC, Guthrie BS, Schmidt RL, Jamieson A, Merkel P, Knight V, Cole CM, Raulet 
DH, and Lenz LL. 2016 Bacterial manipulation of NK cell regulatory activity increases 
susceptibility to Listeria monocytogenes infection. PLoS Pathog. 12: e1005708–e1005721. 
[PubMed: 27295349] 

44. Liu F-T, Giustiniani J, Farren T, Jia L, Bensussan A, Gribben JG, and Agrawal SG. 2010 CD160 
signaling mediates PI3K-dependent survival and growth signals in chronic lymphocytic leukemia. 
Blood 115: 3079–3088. [PubMed: 20164468] 

45. Rabot M, El Costa H, Polgar B, Marie-Cardine A, Aguerre-Girr M, Barakonyi A, Valitutti S, 
Bensussan A, and Le Bouteiller P. 2007 CD160-activating NK cell effector functions depend on 
the phosphatidylinositol 3-kinase recruitment. Int. Immunol 19: 401–409. [PubMed: 17307798] 

Tan et al. Page 15

Immunohorizons. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. The mucosal environment regulates CD160 expression on IELs.
Naive CD8+ T cells were transferred into RAG−/− recipients and isolated 10 d later from 

mLN (blue), spleen (black), and colonic IELs (red) and analyzed for (A) CD160 expression 

levels and (B) percentages of cells expressing CD160. (C) Percentages of colonic IELs 

expressing CD160 from age- and sex-matched WT (blue) and P14 TCR transgenic mice 

(red). Representative plots are shown to the left and summary of CD160-expressing IELs to 

the right. (D) CD160 expression levels on CD8+ T cells that were unstimulated (gray) or 

activated with anti-CD3 in the presence of IL-10 (blue), TGF-β (green), IL-10 plus TGF-β 
(purple), and anti-CD3 alone (black). Representative plots are shown to the left and 

summary of CD160 mean fluorescence intensity (MFI) to the right. (E) CD160 expression 
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levels and percentages of TCRβ+ and TCRγδ+ colonic IELs expressing CD160 from age- 

and sex-matched WT (blue) and IL-10−/− mice (red). Representative plots are shown to the 

left and summary of CD160-expressing TCRβ+ and TCRγδ+ colonic IELs to the right. Data 

are represented as means ± SEM. The results are representative of at least two independent 

experiments. Significance was assessed using one-way ANOVA in (B) and (D) and Student t 
test in (C) and (E). *p < 0.05, ***p < 0.005, ****p < 0.001.
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FIGURE 2. The microbiota downregulate CD160 expression on IELs.
(A) CD160 expression levels on TCRβ+ and TCRγδ+ colonic IELs from mice given regular 

drinking water (H2O, blue) and mice treated with mixture of antibiotics for 4 wk mice 

(ABX, red). Representative plots are shown to the left and summary of CD160 mean 

fluorescence intensity (MFI) to the right. (B) CD160 expression levels on TCRβ+ and 

TCRγδ+ colonic IELs from age- and sex-matched SPF mice (blue) and GF mice (red). 

Representative plots are shown to the left and summary of CD160 MFI to the right. The 

results are representative of at least three independent experiments. Significance was 

assessed using Student t test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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FIGURE 3. L. monocytogenes infection promotes CD160 expression on IELs.
(A) CD160 expression levels on TCRβ+ and TCRγδ+ colonic IELs from uninfected (UI) 

mice (blue) and at 3 (green) or 7 (red) d after oral L. monocytogenes infection with 2 × 109 

L. monocytogenes. Representative plots are shown to the left and summary of CD160 mean 

fluorescence intensity (MFI) to the right. (B) Numbers of CD160-expressing TCRβ+ and 

TCRγδ+ colonic IELs from UI mice (blue) and at 3 (green) or 7 (red) d after oral L. 
monocytogenes infection with 2 × 109 L. monocytogenes. (C) CD160 expression levels on 

CD8+ T cells isolated from spleen and mLN of UI mice (blue) or from mice at 3 (green) or 7 

(red) d after oral L. monocytogenes infection with 2 × 109 L. monocytogenes. Data are 

represented as means ± SEM. The results are representative of at least two independent 

experiments. Significance was assessed using one-way ANOVA. *p < 0.05, **p < 0.01, ***p 
< 0.005, ****p < 0.001.
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FIGURE 4. CD160−/− mice have impaired clearance of oral L. monocytogenes infection.
(A) Age-matched WT (blue circles, n = 7–16) and CD160−/− (red circles, n = 7–16) 

littermates were infected with 2 × 109 L. monocytogenes orally, and bacterial burden from 

spleen, mLN, small intestine, and colon was assessed on day 3 postinfection. (B) Bacterial 

burden from small intestine and colon on day 7 after oral L. monocytogenes infection with 2 

× 109 L. monocytogenes from age-matched WT (blue circles, n = 14–17) and CD160−/− (red 

circles, n = 14–17) littermates. (C) Percentages of WT (n = 14–17) and CD160−/− (n = 14–

17) littermates that cleared (cyan) versus those with detectable L. monocytogenes (green) in 

the small intestine and colon on day 7 after L. monocytogenes oral infection with 2 × 109 L. 
monocytogenes. (D) Bacterial burden from spleen and mLN on day 7 after oral L. 
monocytogenes infection with 2 × 109 L. monocytogenes from age-matched WT (blue 
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circles, n = 10) and CD160−/− (red circles, n = 10) littermates. Age-matched RAG−/− (blue 

circles, n = 5–18) and CD160−/− RAG−/− (red circles, n = 7–18) littermates were infected 

with 2 × 109 L. monocytogenes orally, and bacterial burden from spleen, mLN, and colon 

was assessed on (E) day 3 and (F) day 7 postinfection. Data are pooled from four 

independent experiments, (A), (C), and (D). Data are pooled from three independent 

experiments, (B), (E), and (F). Significance was assessed using Mann–Whitney 

nonparametric test in (A), (B), (D), and (E) and χ2 test in (C). Data are represented means ± 

SEM. **p < 0.01.
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FIGURE 5. CD160−/− IELs have a defect in granzyme B production during L. monocytogenes 
infection.
(A) Numbers (left) and percentages (right) of IELs isolated from the colon of WT (blue 

circles) and CD160−/− (red circles) littermates on day 7 after oral infection with 2 × 109 L. 
monocytogenes. (B) Representative flow cytometry plots (left) and summary of percentages 

(right) of Ki67+ TCRβ+ and TCRγδ+ IELs from the colon of WT (blue circles) and 

CD160−/− (red circles) littermates on day 7 after oral infection with 2 × 109 L. 
monocytogenes. (C) Percentages of WT TCRβ+ (blue circles), CD160−/− TCRβ+ (red 

circles), WT TCRγδ+ (blue triangles), and CD160−/− TCRγδ+ (red triangles) colonic IELs 

expressing IFN-γ, TNF-α, or both cytokines on day 7 after oral infection with 2 × 109 L. 
monocytogenes. (D) Representative flow cytometry plots (left) and summary of percentages 

(right) of granzyme B+ TCRβ+ and TCRγδ+ IELs from the colon of WT (blue circles) and 

CD160−/− (red circles) littermates on day 7 after oral infection with 2 × 109 L. 
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monocytogenes. Data are represented as means ± SEM. The results are representative of 

three independent experiments. Significance was assessed using Student t test. **p < 0.01.
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FIGURE 6. CD160 promotes CD8+ T cells effector functions during L. monocytogenes infection.
Representative flow cytometry plots (left) and summary of percentages (right) of 

SIINFEKL-specific CD8+ T cells (A), Ki67+ CD44+ CD8+ T cells (B), granzyme B+ CD44+ 

CD8+ T cells (C), and CD8+ T cells producing IFN-γ, TNF-α, or both cytokines (D) in the 

spleens of WT (blue circles) and CD160−/− (red circles) littermates on day 7 after oral 

infection with 2 × 109 L. monocytogenes. Data are represented as means ± SEM. The results 

are representative of three independent experiments. Significance was assessed using 

Student t test. *p < 0.05, **p < 0.01.
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FIGURE 7. CD160 on CD8+ T cells is required for optimal clearance of L. monocytogenes.
(A) Schematic of experiment designed to assess function of CD160 on CD8+ T cells during 

oral L. monocytogenes infection. WT or CD160−/− naive CD8+ CD8+ T cell were 

transferred into RAG−/− recipients, infected with 2 × 109 L. monocytogenes orally on the 

following day, and analyzed for bacterial burden and morbidity. (B) Survival of RAG−/− 

recipients receiving 3 × 106 WT (blue, n = 20) or CD160−/− (red, n = 19) naive CD8+ T cells 

and infected with 2 × 109 L. monocytogenes orally. (C) Weight curve of WT (blue, n = 13) 

and CD160−/− (red, n = 14) littermates infected with 2 × 109 L. monocytogenes orally. (D) 

Bacterial burden in spleen, small intestine, and colon from WT (blue circles, n = 11–12) and 

CD160−/− (red circles, n = 12) littermates on day 7 after oral infection with 2 × 109 L. 
monocytogenes. Data are pooled from four independent experiments in (B)–(D). Data are 

represented as means ± SEM. Significance was assessed using log-rank (Mantel–Cox) test in 

(B), Student t test in (C), and Mann–Whitney nonparametric test in (D). *p < 0.05.
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