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Abstract

CD160 is a cell surface molecule expressed by most NK cells and approximately 50% of CD8+ cytotoxic T lymphocytes.
Engagement of CD160 by MHC class-I directly triggers a costimulatory signal to TCR-induced proliferation, cytokine
production and cytotoxic effector functions. The role of CD160 in alloimmunity is unknown. Using a newly generated CD160
fusion protein (CD160Ig) we examined the role of the novel costimulatory molecule CD160 in mediating CD4+ or CD8+ T cell
driven allograft rejection. CD160Ig inhibits alloreactive CD8+ T cell proliferation and IFN-c production in vitro, in particular in
the absence of CD28 costimulation. Consequently CD160Ig prolongs fully mismatched cardiac allograft survival in CD42/2,
CD282/2 knockout and CTLA4Ig treated WT recipients, but not in WT or CD82/2 knockout recipients. The prolonged cardiac
allograft survival is associated with reduced alloreactive CD8+ T cell proliferation, effector/memory responses and
alloreactive IFN-c production. Thus, CD160 signaling is particularly important in CD28-independent effector/memory CD8+

alloreactive T cell activation in vivo and therefore may serve as a novel target for prevention of allograft rejection.
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Introduction

Full T cell activation in response to alloantigen presentation

requires, in addition to stimulation through the TCR, a

costimulatory signal [1]. One of the most widely studied positive

costimulatory signals is the CD28:B7 pathway. While CD28

blockade has been shown to prolong allograft survival in some

transplant models [2–6], less success has been observed in more

stringent models [7]. This process is thought to be mediated

predominantly by NK cells [8–9], CD8+ T cells [10–13] and

effector/memory responses [14], which appear to be less

dependent on CD28 costimulation, and might therefore utilize

alternative costimulatory pathways for activation [15].

CD160, is an immunoglobulin (Ig)-like glycosyl-phosphatidyli-

nositol (GPI)-anchored cell membrane receptor, which was first

identified in humans [16–18]. The murine expression of CD160 is

similar to that in humans and is largely restricted to cells with

cytolytic activity including NK cells, NKT cells and activated

CD8+ T cells [17,19–20]. Furthermore, CD160 is expressed by

growing endothelial cells and blocking its interaction with

endothelial cells using a human anti-CD160 mAb (CL1-R2) has

been shown to diminish angiogenesis without the need for Fc

receptor–bearing cytotoxic immune cells [21].

Both classical and non-classical MHC class-I molecules,

including CD1d, bind to CD160 with low affinity [16,19,22–23].

Recently HVEM was identified as the signaling ligand for CD160

[24]. CD160 binds HVEM in the CRD1 region [25] forming a

disulfide-linked interchain homotrimers [26] that can activate

HVEM signaling, and form a bidirectional signaling pathway [25].

Crosslinking murine CD160 enhances NK and T cell cytolytic

activity [16,22–23] and leads to the production of IFN-c, TNF-a
and IL-6 [22,27]. CD160 particularly stimulates CD8bright

cytotoxic effector lymphocytes lacking CD28 expression [16],

CD8+CD160+ memory T cells [20] and seems to deliver a potent

costimulatory signal to activated but not naı̈ve CD8 T cells [28].

However, engagement of CD160 on human CD4+ T cells by

HVEM has been shown to block LIGHT-HVEM induced

activation [24] and cross-linking of human CD160 with mAb

inhibit anti-CD3/anti-CD28-induced CD4 and CD8 T cell

activation profoundly [29]. However, the CD160-mediated

inhibition of human T cell proliferation has not been reproduced

in murine T cells using rat anti-mouse CD160 mAb [16,19,22–

23]. Furthermore, soluble CD160 blocks NK cell cytolytic activity

[26], while the CD160 transmembrane form has an activating role

in NK cells [30]. Thus, it seems that depending on the

extracellular domain of the CD160 protein that is involved in
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the interaction, a costimulatory or coinhibitory signal can be

transduced.

To date the role for the CD160:CD160L interaction in

alloimmune responses is undefined. Since ligation of CD160

triggers NK and CD8+ T cell activation and effector function, we

speculated that it might function as an alternative costimulatory

signal particularly in CD28-independent allograft rejection. Using

a novel fusion protein CD160Ig we demonstrate that blocking the

CD160:CD160L interaction prolongs fully mismatched heart

transplant survival in a model of CD28-independent CD8+

mediated allograft rejection by inhibiting alloreactive CD8+ T

cell proliferation, effector/memory expansion and cytokine

generation.

Materials and Methods

Mice
BALB/c (H-2d), B6.C-H2bm1/ByJ (H-2bm1) and C57BL/6 wild

type (WT), CD282/2, CD82/2 and CD42/2 knockout (KO)

mice (all H-2b) were purchased from The Jackson Laboratory. All

mice were used at 6–12 weeks of age.

Ethics Statement
Mice were housed in accordance with Institutional Animal Care

and Use Committee (IACUC) approval. All the experimental

procedures were performed in accordance with institutional and

National Institutes of Health guidelines and Institutional Animal

Care and Use Committee (IACUC) approval. The study was

carried out in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health. All surgery was performed using CO2

overdose euthanasia followed by thoracotomy, consistent with the

recommendations of the American Veterinary Medical Associa-

tion in accordance with Institutional Animal Care and Use

Committee (IACUC) approval and all efforts were made to

minimize suffering.

Murine Heart and Skin Transplantation
Heterotopic vascularized cardiac grafts from BALB/c donors

were transplanted using microsurgical techniques as described by

Corry et al. [31]. Graft function was monitored by daily palpation.

Rejection was defined as complete cessation of cardiac contrac-

tility.

Full-thickness trunk skin grafts from bm1 donors (,1 cm2) were

transplanted onto the dorsal thorax of recipient mice, sutured with

4-0 silk, secured with dry gauze and a bandage for 7 days. Skin

graft survival was monitored daily. Rejection was defined as

complete graft necrosis.

CD160 Fusion Protein
The murine CD160Ig fusion protein was made by linking the

complete extracellular domain of murine CD160 to the hinge-

CH2-CH3 domain of murine immunoglobulin G 2a (mIgG2a)

with four point mutations blocking Fc receptor and complement

binding. Briefly, the complete extracellular domain of murine

CD160 was amplified by PCR using a murine CD160 cDNA

(C57/BL6 AK042093) as template and forward primer 59-

GCTACGGGTACCACCATGCAAAGAATCCT-

GATGGCCCCTG and reverse primer, 59-GGCCCTTCCGGA-

GAGAGTGCCGTTGATATGGCTGAAG. The PCR product

was digested with Acc65I and BspEI and cloned into Acc65I,

BspEI digested mIgG2a-pEF6 vector. CHO-S cells were trans-

fected with the plasmid, selected for Blasticidin resistance,

subcloned, and screened for production by ELISA for mIgG2a.

The CD160-mIgG2a was purified from conditioned media by

protein A sepharose chromatography.

In vivo Treatment Protocol
Recipient mice were injected i.p. with CD160Ig or control Ig

(murine IgG2a) on day 0 (0.5 mg) and on days 2, 4, 6, 8, and 10

(0.25 mg). CTLA4Ig (Abatacept, Bristol Myers Squibb) was given

i.p on day 0 (0.5 mg) and on days 2, 4 and 6 (0.25 mg).

Rapamycin was a generous gift of Joren Madsen (TBRC,

Massachusetts General Hospital, Boston, Massachusetts, USA)

and was administered i.p at 0.3 mg/kg for day 0–3.

FACS Analysis
Splenocytes from WT and KO mice were obtained as single cell

suspension and stimulated with various concentrations of ConA

(0.1 and 1 mcg/ml) for 24. The percentage of CD160 expressing

naive as well as effector/memory CD4+ and CD8+ T cells,

characterized by a CD44highCD62Llow phenotype, was deter-

mined by flow cytometry. The percentages of effector/memory

CD4+ and CD8+ cells in recipient’s spleen were measured at

different time points. Flow cytometry was performed using a

FACSCalibur flow cytometry system (Beckton Dickinson, San

Jose, CA) and analyzed using CellQuest software (Beckton

Dickinson, San Jose, CA). All antibodies were obtained from BD

Pharmingen except of anti-CD160 PE (Clone BY55, Beckman

Coulter).

ELISPOT Assay
Splenocytes from recipient mice were obtained as single cell

suspension and stimulated with irradiated (30 Gy) syngeneic, or

allogeneic splenocytes (Balb/c). The technique for ELISPOT

analysis has been described by our group and others [32–33] and

was adapted to measure IFN-c, and IL-5 secreting cells. All

samples were tested in quadruplicate wells and frequencies are

expressed as the number of spot forming cells (SFC) per 0.56106

splenocytes.

Cytokine Analysis by LUMINEX Assay
The cell-free supernatants of the ELISPOT assay were

harvested after 48 h and analyzed by multiplexed cytokine bead-

based immunoassay using a 21-plex mouse cytokine detection kit

(Upstate) according to the manufacturer’s instructions. All samples

were tested in triplicate wells.

CFSE Labeling
Splenocytes and LN cells from WT or CD282/2 mice were

obtained as single cell suspension and stained with CFSE

(Molecular Probes, Portland, OR) as previously described [34].

Recipient BALB/c mice were sublethally irradiated (1000 rad)

with a Gammacell Exactor (Kanata, Ontario, Canada). Each

mouse received 6286107 CFSE-labeled donor cells i.v. and was

treated with CD160Ig or control Ig on day 0 and 2 (0.5 mg).

Three days later, the in vivo proliferation of CFSE-labeled donor

cells was evaluated by flow cytometric analysis and the responder

frequency was calculated as previously reported [34]. The large

number of cells transferred (6286107 cells/mouse) and the time

point examined (3 days) preclude homeostatic expansion of CFSE-

labeled cells in the irradiated hosts, and cell division in this model

is driven primarily by the host alloantigens [35].

Statistics
Kaplan-Meier survival graphs were constructed and a log rank

comparison of the groups was used to calculate p values. Student’s

Role of CD160-CD160L in Allo-Immunity
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t test was used for comparison of means between experimental

groups examined by FACS analysis or ELISPOT assay. Differ-

ences were considered to be significant at p values ,0.05.

Results

Similar Expression Patterns of CD160 Receptor in WT and
KO Mice

To characterize the expression of CD160, we stained spleno-

cytes obtained form naı̈ve WT and knockout (KO) mice with anti-

CD160. Low level expression of CD160 was noted on both CD4+

and CD8+ T cells (2.861.3% and 2.361.8% respectively) as well

as on NK cells (1.960.1%). To determine whether the expression

of CD160 varies with the activation status of T cells we stimulated

splenocytes with ConA in vitro. Subsequently, CD160 expression

on CD4+ and CD8+ T cells, characterized by an effector/memory

phenotype (CD44highCD62Llow), was determined. We found that

expression of CD160 was significantly upregulated on both

CD4+CD44highCD62Llow (9.560.3%) and to a higher degree

CD8+CD44highCD62Llow effector/memory T cells (14.561.5%),

suggesting that CD160 expression is particularly induced after

CD8+ T cell activation. Of notice, the expression pattern of

CD160 did not differ between the WT mice and KO animals

(Figure 1).

Decreases Alloreactive T Cell Proliferation and IFN-c
Production

To investigate the function of CD160, we generated a murine

CD160Ig fusion protein, as described in the methods section. First

we evaluated its role in alloreactive T cell proliferation in vitro.

Since CD160 is upregulated after T cell activation we used

splenocytes from sensitized WT and KO recipient mice, who had

received a prior skin allograft from BALB/c mice. Splenocytes

were stimulated with irradiated donor splenocytes (BALB/c) in the

presence of increasing concentrations of CD160Ig or control Ig.

Cell proliferation was measured by (3H)thymidine incorporation.

As expected T cell proliferation was significantly reduced in

CD42/2 (2471563990 cpm, n = 12; p = 0.0012), CD82/2

(2596463926 cpm, n = 12; p = 0.014), and CD282/2 mice

(1617662676 cpm, n = 12; p,0.0001) as compared to WT mice

(3263363097 cpm, n = 12). CD160Ig strongly inhibited prolifer-

ation of both CD4+ and CD8+ T cells in a dose dependent

manner. However, the inhibitory effect of CD160Ig was indepen-

dent of CD28 costimulation, in that the proliferation of T cells

from WT, CD42/2 and CD82/2 recipients was reduced to a

similar degree as from CD282/2 recipients (Figure 2A).

We then assessed the effect of CD160Ig on alloreactive IFN-c
production using an ELISPOT assay in the same culture

conditions. Again IFN-c-production was significantly reduced in

CD42/2 (190.9613.7 spot forming cells (SFC), n = 12;

p,0.0001), CD82/2 (232.2623.25 SFC, n = 12; p = 0.004), and

CD282/2 mice (198.2635.42 SFC, n = 12; p = 0.0023) as

compared to WT mice (414639.25 SFC, n = 12). CD160Ig

inhibited the alloreactive IFN-c production moderately in a dose

dependent manner in WT splenocytes (7, 15 and 17% respec-

tively). Interestingly, its inhibitory effect was more pronounced in

CD8+ than in CD4+ T cells, in that the maximal reduction in IFN-

c production was 60% in CD42/2 (vs. WT; p,0.05) as compared

to 46% in CD82/2 recipients (vs. WT; ns). Notably, in the

absence of CD28 costimulation we observed the maximal

inhibition (.70%) of alloreactive IFN-c production (vs. WT;

p,0.0001) (Figure 2B and C).

CD160Ig Prolongs Cardiac Allograft Survival in CD282/2

and CD42/2 Recipients
To delineate the role of the CD160:CD160L pathway in vivo we

transplanted vascularized cardiac grafts from BALB/c donors into

fully allogeneic WT and KO recipients which were treated with

CD160Ig or control Ig. CD160Ig treatment had an insignificant

effect on graft survival in WT (median survival time (MST) = 10

vs. 7 days, n = 5, ns, Figure 3A) and in CD82/2 recipients

(MST = 12 vs. 12 days, n = 5, ns, Figure 3B), while CD8+ T cell-

mediated allograft rejection in CD42/2 mice was significantly

delayed (MST = 56 vs. 34 days, n = 5, p = 0.01, Figure 3C). In

keeping with the in vitro data, CD160Ig treatment led to a striking

prolongation in allograft survival in CD282/2 mice (MST = 12 vs.

30 days, n = 5; p = 0.002) as shown in Figure 3D. To confirm these

results in a more physiological context we went on and used

CTLA4Ig in combination with CD160Ig in WT recipients.

Indeed, combined treatment prolonged allograft survival to a

greater extend as compared to CTLA4Ig treatment alone

(MST = 44.5 vs. 24 days, Figure 3E).

To confirm the impact of CD160Ig on CD8+ T cell responses

in vivo we studied its role in a MHC class I miss-matched skin

allograft model (bm1 into B6), in which rejection is predominantly

driven by CD8+ T cells. In accordance with its effect in CD42/2

heart transplant recipients CD160Ig significantly prolonged skin

allograft survival (MST = 18 vs. 13 days, n = 5; p,0.003),

(Figure 3F).

CD160Ig Inhibits IFN-c and Promotes IL-5 Alloreactive
Cytokine Production in CD282/2 and CD42/2 Recipients

Given our in vitro and survival data we reasoned, that CD160Ig

may prolong allograft survival in KO recipients by blocking the

generation and/or function of alloreactive cytokine production

in vivo. In order to explore this possibility, we measured the

frequency of IFN-c and IL-5 alloreactive T cells in WT, CD42/2

and CD282/2 recipients by ELISPOT assay. As shown in

Figure 4A the frequency of alloreactive IFN-c-producing T cells

did not differ between CD160Ig treated and control Ig treated WT

recipients (393658 vs. 410644 SFC, n = 12; ns). However, we

noted a significant increase in the frequency of alloreactive IL-5

generating T cells (5266.2 vs. 1761.4 SFC; p.0.0005). Interest-

ingly, the enhanced allograft survival in CD282/2 recipients

treated with CD160Ig or in WT recipients treated with a

combination of CTLA4Ig and CD160Ig was associated with a

robust reduction in the frequency of IFN-c secreting alloreactive T

cells (CD282/2: 170620 vs. 368630 SFC, n = 30; p,0.0001;

CTLA4Ig treated WT: 5663 vs. 125613 SFC, n = 20;

p,0.0001), while the frequency of alloreactive IL-5 secreting T

cells significantly increased (CD282/2 recipients: 8167 vs. 3665

SFC; p,0.0001; CTLA4Ig treated WT: 562 vs. 2262 SFC;

p,0.0001). The same observation was true for CD42/2 recipients

after CD160Ig treatment (IFN-c: 3363 vs. 6765 SFC; n = 20,

p,0.0001, IL-5:484659 vs. 162622; p,0.0001) indicating that

prolongation of cardiac allograft survival with CD160Ig is

associated with a switch in the cytokine profile of alloreactive T

cells (Figure 4A).

Because crosslinking of CD160 has been shown to enhance the

production of the cytokines IFN-c, TNF-a and IL-6 [22–23] we

studied the effect of CD160Ig on the production of these cytokines

by Luminex Assay in CD282/2 recipients. Confirming the results

observed with the ELISPOT assay, CD160Ig treatment signifi-

cantly inhibited IFN-c, TNF-a, IL-6 and IL-17 production, while

it increased the production of IL-4 and IL-5 (Figure 4B).

Role of CD160-CD160L in Allo-Immunity
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CD160Ig Inhibits CD8+ Effector/Memory Cell Expansion in
CD282/2 Recipients

To assess the effect of CD160Ig on generation effector/memory

T cells we measured the percentage of CD4+ and CD8+ T cells

manifesting a effector/memory phenotype (CD62LlowCD44high) in

WT, CD42/2 and CD282/2 recipients. In keeping with the

ELISPOT data, no significant reduction in either CD4+ or CD8+

effector/memory T cells was observed in CD160Ig treated WT

recipients. Interestingly, CD160Ig treatment did not alter the

frequency of effector/memory CD8+ T cells in CD42/2 recipients

(5.1610660.46106 cells vs. 5.4610660.26106 cells n = 5, ns)

despite the significant reduction in the frequency of alloreactive

IFN-c production. In contrast, the frequency of effector/memory

CD8+ T cells was significantly reduced in CD160Ig treated

CD282/2 recipients (8.9610661.56106 cells vs.

5.7610660.86106%, n = 5, p,0.0001) as well as in CD160Ig

plus CTLA4Ig treated WT recipients (11610661.56106cells vs.

7610660.36106cells, n = 4, p,0.05) (Figure 5), while the

frequency of effector/memory CD4+ T cells was not affected.

Furthermore, no effect of CD160Ig on NK cells could be observed

in any group as assessed by quantification of the total NK

(NK1.1+CD32CD122+) cell numbers in various lymphoid organs

of recipient mice and the expression of various activation (CD25

and CD69) or adhesion molecules (CD44) on NK cells by FACS

analysis.

Figure 1. CD160 is expressed on CD8 and CD4 T cells. Naı̈ve or stimulated (ConA) splenocytes from wildtype C57BL/6 (WT), CD42/2, CD82/2

and CD282/2 mice were stained with anti-CD160. Mean fluorescence intensity of CD160 on naı̈ve CD8+ and CD4+ T cells or CD8+ and CD4+ T cells
expressing an effector/memory phenotype (CD44highCD62Llow) was analyzed. Upper Panel: Representative dot plots of CD160 expressing cells
(shaded histograms) in WT mice. Lower Panel: The histograms demonstrate the MFI of CD160+ cells of the overall CD4+ or CD8+ T cell population as
the mean 6 SEM of 3–5 independent experiments.
doi:10.1371/journal.pone.0060391.g001

Role of CD160-CD160L in Allo-Immunity
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CD160Ig does not Alter Expression of CD160 or MHC
Class I on APCs

Recently HVEM was identified as the signaling ligand for

CD160 [24]. However, CD160 has been shown to bind both

classical and non-classical MHC class-I molecules with low affinity

[16,19,22–23]. Therefore, we examined the level of expression of

MHC class I molecule on the surface of CD19+ B cells, CD11c+

dentritic cells and CD11b+ monocytes derived from naı̈ve, as well

as CD160Ig treated and control Ig treated WT and KO mice at

baseline and time of rejection. As expected, flow cytometry

analysis revealed that MHC class I was expressed by naı̈ve B cells,

dentritic cells and monocytes and the level of expression

significantly increased during the alloresponse as compared to

baseline on all three cell types (data not shown). Importantly,

MHC class I molecule expression did not differ between WT and

the various KO mice at any time point excluding, that a limited

amount of antigen and/or low level of TCR/pMHC interaction

during the alloresponse was the reason for the observed differences

in allograft survival between the groups. Furthermore, we were

unable to observe marked differences in the MHC class I

expression between CD160Ig and control Ig treated recipients

(Figure S1).

CD160Ig does not Alter Cytolytic Activity of CD8+ T Cells
and NK Cells in CD282/2 Recipients

Previous studies have shown, that CD160 enhances the cytolytic

activity of CD8+ T cells and NK cells [16,22–23]. Therefore, we

examined the effect of CD160Ig on cytotoxic cell subsets in vivo by

measuring the frequency of GranzymeB producing alloreactive

cells by ELISPOT in WT, CD42/2 and CD282/2 recipients.

However, CD160Ig treatment had an insignificant effect on

alloreactive GranzymeB production in all groups suggesting, that

CD160Ig did not influence cytolytic activity of CD8+ T cells and

NK cells (data not shown).

CD160Ig Reduces Alloreactive CD8+ T Cell Proliferation
in vivo in the Absence of CD28

The expansion of alloreactive T cell clone size is a key event in

initiation of the rejection process. To examine the impact of

CD160Ig on T cell proliferation in vivo CFSE labeled leucocytes

from either WT or CD282/2 mice were adoptively transferred

Figure 2. CD160Ig inhibits allospecific T cell proliferation and Th1 cytokine generation. Wildtype C57BL/6 (WT), CD42/2, CD82/2 and
CD282/2 mice (all H-2b) were sensitized with skins from fully missmatched BALB/c (H-2d) donors. Recipients splenocytes were harvested and cultured
with irradiated donor splenocytes in the absence and in the presence of increasing concentrations of CD160Ig or control Ig. A) Cell proliferation is
expressed as percent inhibition of CD160Ig treated cells compared with control Ig treated cells of that strain. Results are presented as the mean 6
SEM of 3 experiments performed in triplicates. B) Frequency of alloreactive IFN-c producing cells was quantified by ELISPOT assay after 24 hours.
Percent inhibition of IFN-c production of CD160Ig treated cells compared with control Ig treated cells of that strain is shown. Results shown are mean
6 SEM values of 3 independent experiments performed in quadruplicate wells. C.) Statistics of percent inhibition of alloreactive IFN-c production at
100 mg/ml CD160Ig/well.
doi:10.1371/journal.pone.0060391.g002

Role of CD160-CD160L in Allo-Immunity
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Figure 3. CD160Ig prolongs fully mismatched heart allograft survival in CD282/2 and CD42/2mice. A) C57BL/6 WT (n = 10); B) CD42/2,
(n = 10); C) CD82/2 (n = 10); D) CD282/2 (n = 10) or E) C57BL/6 WT treated with CTLA4-Ig (n = 5) received Balb/c heart grafts and were treated with
CD160Ig (X; n = 5) or control Ig (%; n = 5); F) C57BL/6 WT (n = 5) received bm1 skin grafts and were treated with CD160Ig (X, n = 5) or control-Ig (%;
n = 5); Survival is shown by Kaplan-Meier plots.
doi:10.1371/journal.pone.0060391.g003

Role of CD160-CD160L in Allo-Immunity
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into irradiated allogeneic BALB/c hosts and CD4+ and CD8+ T

cell proliferation was assessed by FACS analysis 3 days thereafter.

In the presence of CD28 costimulation, CD160Ig did not inhibit

the in vivo proliferation of CD4+ (30.164.4 vs. 3064% precursor

division frequency (PDF), n = 5) and CD8+ T cells (2861.4 vs.

27.462.2% PDF, n = 4). However, CD160Ig significantly reduced

the in vivo proliferation of CD28 deficient CD8+ T cells (2663.8

vs. 1962.7% PDF, n = 5, p = 0.01) and, although to a lesser

degree, that of CD28 deficient CD4+ T cells (1762.2 vs.

14.761.7% PDF, n = 5, p = 0.04) (Figure 6).

Clinical Relevance
Rapamycin has been reported to synergize with a variety of

strategies targeting T cell costimulatory pathways [31,36]. To

study the clinical relevance of CD160Ig we evaluated its effect in

the combination with a subtherapeutic dose of rapamycin in WT

recipients. While CD160Ig alone had no effect on allograft

survival in WT recipients, subtherapeutic doses of rapamycin

resulted in a moderate prolongation of allograft survival in WT

mice (MST 29 vs. 7 days, n = 5; p,0.002). However, combination

of both resulted in synergistic prolongation of allograft survival

(MST 46 days, n = 5; p,0.001) not seen with either agent alone.

The prolonged allograft survival after rapamycin treatment was

associated with a significant reduction in the alloreactive Th1

cytokine production, as assessed by IFN-c ELISPOT, and

generation of effector/memory CD8+ T cells. However, the

addition of CD160Ig did not further reduce the alloreactive Th1

effector response, but significantly enhanced the number of

alloreactive IL-4 and IL-5 producing cells, indicating again, that

CD160Ig is associated with a marked Th2 switch in the cytokine

profile of alloreactive T cells (Figure S2).

Figure 4. CD160Ig reduces allospecific Th1 cytokine generation in CD282/2 and CD42/2 mice. Heart grafts from BALB/c donors were
transplanted into C57BL/6 WT, CD282/2 or CD42/2 recipients, which were treated with CD160Ig +/2 CTLA4Ig or control Ig. Recipient splenocytes
were isolated 10 days (WT recipients) or 14 days (CD282/2 and CD42/2 recipients, CTLA4Ig treated WT recipients) after transplantation, cultured with
irradiated donor splenocytes. A) The frequency of alloreactive IFN-c and IL-5 producing T cells was analyzed by ELISPOT. B). The concentration of TNF-
a, IL-6, IFN-c, IL-17, IL-4 and IL-5 was examined by Luminex Assay in the supernatants of the cultures with CD282/2 responder cells. The data shown
are pooled from 3–5 independent experiments performed in quadruplicate wells (Mean6SEM).
doi:10.1371/journal.pone.0060391.g004

Figure 5. CD160Ig reduces effector/memory cell generation in CD282/2 mice. Splenocytes from C57BL/6 WT, C57BL/6 WT treated with
CTLA4Ig or CD282/2 recipients of BALB/c hearts were harvested and CD4+ or CD8+ T cells were stained for the effector/memory phenotype,
characterized as CD44highCD62Llow. Left Panel: Representative dot plots of CD8+CD44highCD62Llow cells. Right Panel: The histograms demonstrate
the frequency of CD44highCD62Llow cells as a percentage of the overall CD4+ or CD8+ T cell population as the mean 6 SEM of 3–5 independent
experiments.
doi:10.1371/journal.pone.0060391.g005
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Discussion

This is the first study establishing the in vivo function of the novel

T cell costimulatory pathway CD160:CD160L in alloimmune

responses. Our data clearly demonstrate that the CD160:CD160L

pathway plays an important role in CD28-independent CD8+ T

cell alloimmune responses. CD160 is expressed on a small

percentage of CD4+ and CD8+ T cells and is predominantly

upregulated after CD8+ T cell activation. CD160Ig inhibits the

alloreactive T cell proliferation and IFN-c production in vitro with

the most profound effect on CD8+ T cells and lymphocytes lacking

CD28 expression. CD160Ig consequently prolongs allograft

survival in CD42/2, CD282/2 as well as CTLA4Ig treated WT

recipients. The prolongation in allograft survival is associated with

reduced alloreactive CD8+ T cell proliferation, diminished

generation of effector/memory CD8+ T cells and switch in the

cytokine profile of alloreactive T cells. Interestingly, CD4+ T cell

functions appear to be relatively insensitive to the effects of

CD160Ig in vivo in our model.

It is well recognized that blocking the CD28:B7 costimulatory

pathway is effective in inducing tolerance in some rodent models

[2–6], but is not sufficient to block transplant rejection in more

stringent models [7]. Effector/memory responses [14] and/or

CD8+ T cell responses [10–13] appear to be less dependent on

CD28 costimulation and represent a significant barrier to the

development of tolerance to alloantigen [14,37]. Our results

establish an important role for CD160:CD160L pathway in CD8+

effector/memory T cell responses in vivo, especially in the absence

of CD28 costimulation, as seen by the suppressed alloreactive IFN-

c cytokine generation and contraction in the size of the effector/

memory cell population (CD44hiCD62Llow) of CD8+ T cells.

These data are in keeping with previously published findings that

expression of murine CD160 is largely restricted to cytotoxic NK

cells and a subset of cytotoxic CD8bright+ T cells [17–18,38] as well

as CD8+ effector/memory T cells [19–20]. Furthermore, CD160

has been shown to act as a co-receptor in TCR signal transduction

in CD8+ T cells [28] leading to the expansion of CD282 T

lymphocytes [16,28,38].

Recent data indicate that the membrane-bound CD160

molecule can be cleaved from the cell surface upon activation

and released as a soluble form (sCD160) which serves to limit

CD8+ effector functions by binding to MHC class-I on target cells

in situ. This provides a physiological mechanism to control CD8+

CTL activity [20,26]. sCD160 mediated down-modulation of

cytolytic activity is not restricted to cytotoxic T cell clones, but is

also effective on allogeneic stimulated T cells [26]. However, in

our study CD160Ig inhibited alloreactive CD8+ T lymphocyte

proliferation and IFN-c production but did not alter the cytolytic

activity. However, CD160 mRNA expression has been demon-

strated on exhausted CD8 T cells in the late stage of chronic viral

infection, which coincides with loss of CTL function [39–41].

Thus the effect of CD160Ig seen in our model might be the result

of blocking a co-stimulatory signal in late stage differentiated

CD8+ T cells, leading to a diminished proliferation, expansion

and differentiation rather than affecting their cytotoxic capacity.

The mechanism by which CD160Ig prolongs allograft survival

could also be due to both reduction in pro-inflammatory T cells

(alloreactive IFN-c cells) and induction of anti-inflammatory

alloreactive IL-5 cells, which would be in agreement with several

studies showing that tolerance induction by costimulatory block-

ade is sometimes associated with a state of ‘‘immune deviation’’

toward Th2 cell function [5]. However, whether a Th2 switch per

se can mediate transplant tolerance remains controversial [42].

The effect of Th2 deviation in promoting graft survival seems to

depend on the alloreactive T cell clone size [43–44], as shown

after CD160Ig treatment.

However, it is increasingly recognized, that active regulation to

maintain self-tolerance and prevent alloimmune responses is not

only due to CD4+ regulatory T cells (Tregs), but is also dependent

on the presence of CD8+ Tregs [45]. Among others CD8+CD282

Tregs have been described both in humans and CD282/2 mice

[46–48]. Recent evidence indicates a potentially important

relationship between immune modulatory Th2 cytokines and

Figure 6. CD160Ig decreases in vivo proliferation of CD28 deficient CD8+ T cells. CFSE-labeled splenocytes from C57BL/6 WT, CD82/2,
CD42/2 or CD282/2 mice (6286107) were injected into irradiated BALB/c hosts and treated with CD160Ig or control Ig. The precursor division
frequency of CD4+ and CD8+ T cell subsets in the host spleen was analyzed 3 days later by FACS and calculated as described in Materials and
Methods. Representative histograms from one of 3 experiments are shown.
doi:10.1371/journal.pone.0060391.g006
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Tregs. The more pronounced effect of CD160Ig in the absence of

CD28 costimulation might therefore be due to an enhanced active

regulation.

Despite the inherent complexity of the costimulatory pathway

interactions, selective blockade of individual molecules remains an

attractive target as part of a multifaceted approach, as the phase II

clinical study using CTLA4Ig in renal transplant recipients

successfully showed [49]. Combination therapy of costimulatory

blockade with CTLA4-Ig, MR1 [50] or rapamycin [51] has been

shown to prolong graft survival. In the current study, we

demonstrate the synergistic effect of CD160Ig when combined

with rapamycin and CTLA4-Ig in prolonging allograft survival.

We anticipate that targeting the CD160:CD160L pathway in

combination with theses reagents may provide clinical benefits

through their role as part of a less toxic maintenance strategy.

In conclusion, CD160 signaling is particularly critical for CD28-

independent effector/memory CD8+ alloreactive T cell activation

in vivo and therefore the novel fusion protein, CD160Ig, may prove

to be a promising reagent in strategies for prevention of allograft

rejection in conjunction with B7/CD154 T cell costimulatory

blockade.

Supporting Information

Figure S1 CD160Ig has no effect on MHC class I expression. A)

CD11c+ dentritic cells from naı̈ve WT, CD42/2, CD82/2 and

CD282/2 mice were stained for the expression of MHC class I

molecules. B) CD11c+ dentritic cells from CD282/2 recipients of

BALB/c hearts were stained for the expression of MHC class I

molecules at baseline (day 0) and on day 14 and 30 (time point of

rejection) in treated and untreated recipients. The histograms

demonstrate the frequency MHC class I positive cells as a

percentage of the overall CD11c+ T cell population as the mean 6

SEM of 3–5 independent experiments.

(TIF)

Figure S2 CD160Ig in combination with rapamycin prolongs

fully mismatched heart allograft survival WT mice. C57BL/6 WT

(n = 5) mice received Balb/c heart grafts and were treated with

CD160Ig +/2 subtherapeutic dosis of rapamycin (0.3 mg/kg for

days 0–3) as described in Materials and Methods. A) Kaplan-

Meier plots demonstrate allograft survival B) The histogram

demonstrates the frequency of CD44highCD62Llow cells as a

percentage of the overall CD8+ T cell population isolated on day

14 after transplantation as the mean 6 SEM of 3–5 independent

experiments. C - E) The histograms demonstrate the alloreactive

IFN-c (C), IL-4 (D) and IL-5 (E) production, as assessed by

ELISPOT on day 14 as the mean 6 SEM of 3–5 independent

experiments.

(TIF)

Author Contributions

Conceived and designed the experiments: AH MJA MS MC. Performed

the experiments: AH FD TU BZ AV. Analyzed the data: AH MC FD TU

MJA PF. Contributed reagents/materials/analysis tools: GF MS MJA.

Wrote the paper: AH MC MJA FD TU PF MS.

References

1. Rothstein DM, Sayegh MH (2003) T-cell costimulatory pathways in allograft

rejection and tolerance. Immunol Rev Dec;196: 85–108.

2. Turka LA, Linsley PS, Lin H, Brady W, Leiden JM, et al. (1992) T-cell

activation by the CD28 ligand B7 is required for cardiac allograft rejection

in vivo. Proc Natl Acad Sci USA;89: 11102–5.

3. Pearson TC, Alexander DZ, Winn KJ, Linsley PS, Lowry RP, et al. (1994)

Transplantation tolerance induced by CTLA4-Ig. Transplantation Jun

27;57(12): 1701–6.

4. Lenschow DJ, Zeng Y, Hathcock KS, Zuckerman LA, Freeman G, et al. (1995)

Inhibition of transplant rejection following treatment with anti-B7–2 and anti-

B7–1 antibodies. Transplantation;60(10): 1171–8.

5. Sayegh MH, Akalin E, Hancock WW, Russell ME, Carpenter CB, et al. (1995)

CD28-B7 blockade after alloantigenic challenge in vivo inhibits Th1 cytokines

but spares Th2. J Exp Med May 1;181(5): 1869–74.

6. Lin H, Rathmell JC, Gray GS, Thompson CB, Leiden JM, et al. (1998)

Cytotoxic T lymphocyte antigen 4 (CTLA4) blockade accelerates the acute

rejection of cardiac allografts in CD28-deficient mice: CTLA4 can function

independently of CD28. J Exp Med Jul 6;188(1): 199–204.

7. Larsen CP, Elwood ET, Alexander DZ, Ritchie SC, Hendrix R, et al. (1996)

Long-term acceptance of skin and cardiac allografts after blocking CD40 and

CD28 pathways. Nature May 30;381(6581): 434–8.

8. Maier S, Tertilt C, Chambron N, Gerauer K, Huser N, et al. (2001) Inhibition

of natural killer cells results in acceptance of cardiac allografts in CD282/2

mice. Nat Med May;7(5): 557–62.

9. McNerney ME, Lee KM, Zhou P, Molinero L, Mashayekhi M, et al. (2006)

Role of natural killer cell subsets in cardiac allograft rejection. Am J Transplant

Mar;6(3): 505–13.

10. Szot GL, Zhou P, Rulifson I, Wang J, Guo Z, et al. (2001) Different mechanisms

of cardiac allograft rejection in wildtype and CD28-deficient mice.

Am J Transplant May;1(1): 38–46.

11. Yamada A, Salama AD, Sho M, Najafian N, Ito T, et al. (2005) CD70 signaling

is critical for CD28-independent CD8+ T cell-mediated alloimmune responses

in vivo. J Immunol Feb 1;174(3): 1357–64.

12. Newell KA, He G, Guo Z, Kim O, Szot GL, et al. (1999) Cutting edge: blockade

of the CD28/B7 costimulatory pathway inhibits intestinal allograft rejection

mediated by CD4+ but not CD8+ T cells. J Immunol Sep 1;163(5): 2358–62.

13. Trambley J, Bingaman AW, Lin A, Elwood ET, Waitze SY, et al. (1999) Asialo

GM1(+) CD8(+) T cells play a critical role in costimulation blockade-resistant

allograft rejection. J Clin Invest Dec;104(12): 1715–22.

14. Wu Z, Bensinger SJ, Zhang J, Chen C, Yuan X, et al. (2004) Homeostatic

proliferation is a barrier to transplantation tolerance. Nat Med Jan;10(1): 87–92.

15. Clarkson MR, Sayegh MH (2005) T-cell costimulatory pathways in allograft

rejection and tolerance. Transplantation Sep 15;80(5): 555–63.

16. Agrawal S, Marquet J, Freeman GJ, Tawab A, Bouteiller PL, et al. (1999)

Cutting edge: MHC class I triggering by a novel cell surface ligand costimulates

proliferation of activated human T cells. J Immunol Feb 1;162(3): 1223–6.

17. Anumanthan A, Bensussan A, Boumsell L, Christ AD, Blumberg RS, et al.

(1998) Cloning of BY55, a novel Ig superfamily member expressed on NK cells,

CTL, and intestinal intraepithelial lymphocytes. J Immunol Sep 15;161(6):

2780–90.

18. Maiza H, Leca G, Mansur IG, Schiavon V, Boumsell L, et al. (1993) A novel 80-

kD cell surface structure identifies human circulating lymphocytes with natural

killer activity. J Exp Med Sep 1;178(3): 1121–6.

19. Maeda M, Carpenito C, Russell RC, Dasanjh J, Veinotte LL, et al. (2005)

Murine CD160, Ig-like receptor on NK cells and NKT cells, recognizes classical

and nonclassical MHC class I and regulates NK cell activation. J Immunol Oct

1;175(7): 4426–32.

20. Tsujimura K, Obata Y, Matsudaira Y, Nishida K, Akatsuka Y, et al. (2006)

Characterization of murine CD160+ CD8+ T lymphocytes. Immunol Lett Jul

15;106(1): 48–56.

21. Fons P, Chabot S, Cartwright JE, Lenfant F, L’Faqihi F, et al. (2006) Soluble

HLA-G1 inhibits angiogenesis through an apoptotic pathway and by direct

binding to CD160 receptor expressed by endothelial cells. Blood Oct 15;108(8):

2608–15.

22. Barakonyi A, Rabot M, Marie-Cardine A, Aguerre-Girr M, Polgar B, et al.

(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 Nov 1;173(9): 5349–54.

23. Le Bouteiller P, Barakonyi A, Giustiniani J, Lenfant F, Marie-Cardine A, 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 U S A Dec 24;99(26): 16963–8.

24. Cai G, Anumanthan A, Brown JA, Greenfield EA, Zhu B, et al. (2008) CD160

inhibits activation of human CD4+ T cells through interaction with herpesvirus

entry mediator. Nat Immunol Feb;9(2): 176–85.

25. Cheung TC, Steinberg MW, Oborne LM, Macauley MG, Fukuyama S, et al.

(2009) Unconventional ligand activation of herpesvirus entry mediator signals

cell survival. Proc Natl Acad Sci U S A Apr 14;106(15): 6244–9.

26. Giustiniani J, Marie-Cardine A, Bensussan A (2007) A soluble form of the MHC

class I-specific CD160 receptor is released from human activated NK

lymphocytes and inhibits cell-mediated cytotoxicity. J Immunol Feb 1;178(3):

1293–300.

27. Rabot M, El Costa H, Polgar B, Marie-Cardine A, Aguerre-Girr M, et al. (2007)

CD160-activating NK cell effector functions depend on the phosphatidylinositol

3-kinase recruitment. Int Immunol Apr;19(4): 401–9.

28. Nikolova M, Marie-Cardine A, Boumsell L, Bensussan A (2002) BY55/CD160

acts as a co-receptor in TCR signal transduction of a human circulating

Role of CD160-CD160L in Allo-Immunity

PLOS ONE | www.plosone.org 10 April 2013 | Volume 8 | Issue 4 | e60391



cytotoxic effector T lymphocyte subset lacking CD28 expression. Int Immunol

May;14(5): 445–51.
29. Adams AB, Larsen CP, Pearson TC, Newell KA (2002) The role of TNF

receptor and TNF superfamily molecules in organ transplantation.

Am J Transplant Jan;2(1): 12–8.
30. Giustiniani J, Bensussan A, Marie-Cardine A (2009) Identification and

characterization of a transmembrane isoform of CD160 (CD160-TM), a unique
activating receptor selectively expressed upon human NK cell activation.

J Immunol Jan 1;182(1): 63–71.

31. Corry RJ, Winn HJ, Russell PS (1973) Primarily vascularized allografts of hearts
in mice. The role of H-2D, H-2K, and non-H-2 antigens in rejection.

Transplantation Oct;16(4): 343–50.
32. Harada H, Salama AD, Sho M, Izawa A, Sandner SE, et al. (2003) The role of

the ICOS-B7h T cell costimulatory pathway in transplantation immunity. J Clin
Invest Jul;112(2): 234–43.

33. Matesic D, Valujskikh A, Pearlman E, Higgins AW, Gilliam AC, et al. (1998)

Type 2 immune deviation has differential effects on alloreactive CD4+ and
CD8+ T cells. J Immunol Nov 15;161(10): 5236–44.

34. Wells AD, Gudmundsdottir H, Turka LA (1997) Following the fate of individual
T cells throughout activation and clonal expansion. Signals from T cell receptor

and CD28 differentially regulate the induction and duration of a proliferative

response. J Clin Invest Dec 15;100(12): 3173–83.
35. Li Y, Li XC, Zheng XX, Wells AD, Turka LA, et al. (1999) Blocking both signal

1 and signal 2 of T-cell activation prevents apoptosis of alloreactive T cells and
induction of peripheral allograft tolerance. Nat Med Nov;5(11): 1298–302.

36. Sun M, Richards S, Prasad DV, Mai XM, Rudensky A, et al. (2002)
Characterization of mouse and human B7-H3 genes. J Immunol Jun 15;168(12):

6294–7.

37. Valujskikh A, Pantenburg B, Heeger PS (2002) Primed allospecific T cells
prevent the effects of costimulatory blockade on prolonged cardiac allograft

survival in mice. Am J Transplant Jul;2(6): 501–9.
38. Nikolova MH, Muhtarova MN, Taskov HB, Kostov K, Vezenkov L, et al.

(2005) The CD160+ CD8high cytotoxic T cell subset correlates with response to

HAART in HIV-1+ patients. Cell Immunol Oct;237(2): 96–105.
39. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, et al. (2006) PD-1

expression on HIV-specific T cells is associated with T-cell exhaustion and
disease progression. Nature Sep 21;443(7109): 350–4.

40. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, et al. (2006) Restoring

function in exhausted CD8 T cells during chronic viral infection. Nature Feb
9;439(7077): 682–7.

41. Okazaki T, Honjo T (2006) Rejuvenating exhausted T cells during chronic viral

infection. Cell Feb 10;124(3): 459–61.
42. Lakkis FG, Konieczny BT, Saleem S, Baddoura FK, Linsley PS, et al. (1997)

Blocking the CD28-B7 T cell costimulation pathway induces long term cardiac
allograft acceptance in the absence of IL-4. J Immunol Mar 1;158(5): 2443–8.

43. Kishimoto K, Sandner S, Imitola J, Sho M, Li Y, et al. (2002) Th1 cytokines,

programmed cell death, and alloreactive T cell clone size in transplant tolerance.
J Clin Invest Jun;109(11): 1471–9.

44. Sho M, Salama AD, Yamada A, Najafian N, Sayegh MH (2001) Physiologic
regulation of alloimmune responses in vivo: the role of CTLA4 and TH1/TH2

cytokines. Transplant Proc Nov-Dec;33(7–8): 3826–8.
45. Smith TR, Kumar V (2008) Revival of CD8+ Treg-mediated suppression.

Trends Immunol Jul;29(7): 337–42.

46. Manavalan JS, Kim-Schulze S, Scotto L, Naiyer AJ, Vlad G, et al. (2004)
Alloantigen specific CD8+CD282 FOXP3+ T suppressor cells induce ILT3+
ILT4+ tolerogenic endothelial cells, inhibiting alloreactivity. Int Immunol
Aug;16(8): 1055–68.

47. Cortesini R, LeMaoult J, Ciubotariu R, Cortesini NS (2001) CD8+CD282 T

suppressor cells and the induction of antigen-specific, antigen-presenting cell-
mediated suppression of Th reactivity. Immunol Rev Aug;182: 201–6.

48. Najafian N, Chitnis T, Salama AD, Zhu B, Benou C, et al. (2003) Regulatory
functions of CD8+CD282 T cells in an autoimmune disease model. J Clin

Invest Oct;112(7): 1037–48.
49. Vincenti F, Larsen C, Durrbach A, Wekerle T, Nashan B, et al. (2005)

Costimulation blockade with belatacept in renal transplantation. N Engl J Med

Aug 25;353(8): 770–81.
50. Nanji SA, Hancock WW, Luo B, Schur CD, Pawlick RL, et al. (2006)

Costimulation blockade of both inducible costimulator and CD40 ligand induces
dominant tolerance to islet allografts and prevents spontaneous autoimmune

diabetes in the NOD mouse. Diabetes Jan;55(1): 27–33.

51. Nanji SA, Hancock WW, Anderson CC, Adams AB, Luo B, et al. (2004)
Multiple combination therapies involving blockade of ICOS/B7RP-1 costim-

ulation facilitate long-term islet allograft survival. Am J Transplant Apr;4(4):
526–36.

Role of CD160-CD160L in Allo-Immunity

PLOS ONE | www.plosone.org 11 April 2013 | Volume 8 | Issue 4 | e60391


