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Summary

Activation of CD4+ T cells helps to establish and maintain immune

responses. During infection with lymphocytic choriomeningitis virus

(LCMV) clone 13, the CD4+ T-cell responses are lost. In this study, we

were interested in the nature of the CD4+ T-cell responses following

infection with LCMV clone 13. To pursue this question, we infected

C57BL/6 mice with LCMV clone 13. We used a GP66-80 MHC Class II

tetramer to determine whether the CD4+ T cells were present following

infection with LCMV clone 13. We determined that the cells were present

and antigen specific, but not functional. We attributed their dysfunction

to the presence of CD4+ T-cell inhibitory ligands. We further stained for

the presence of CD4+ T-cell inhibitory ligands. We found that the during

chronic infection the number of CD4+ T cells expressing programmed

death-1 and CD160 were greater over the time–course study than the

other CD4+ T-cell inhibitory ligands. These data show that using CD4+

T-cell inhibitory ligands as a reagent for characterization can help in

understanding the complex immune responses associated with persistent

infections.

Keywords: CD160; CD4+; lymphocytic choriomeningitis virus; pro-

grammed death-1; tetramer.

Introduction

CD4+ T cells play an important role in host defence

against infection. CD4+ T cells provide help to B cells,

specifically those that produce neutralizing antibodies.

CD4+ T cells are also required for the activation, persis-

tence and memory of CD8+ T cells. CD4+ T cells may

also assist in viral clearance through the production of

cytokines and cell-mediated cytotoxicity.1

Immune responses associated with pathogen clearance

have been attributed to the activation and expansion of

CD4+ T cells that are virus specific. These virus-specific

CD4+ T cells are mediated through mechanisms by which

priming and maintenance of cytotoxic T-lymphocyte

(CTL) responses act to clear viral infection.2–7 Certain

viruses such as HIV, lymphocytic choriomeningitis virus

(LCMV), and hepatitis C virus have developed mecha-

nisms to establish persistent infections. Although there

are potent responses early in infection, CTL responses

have been shown to be ineffective in clearing these viral

infections.8–12 Several mechanisms have been shown to

contribute to the ineffectiveness of the host in clearing

these infections, which include clonal exhaustion, over-

expression of programmed death 1 (PD-1), the rapid

appearance of viral mutations resulting in escape variants

yielding evasion from CTL responses and the lack of

CD4+ T-cell help early in infection.6,10,13–20 In our study,

we wanted to focus on the role of CD4+ T-cell help in

developing more functional CTL responses.

In our previous study, CD4+ T-cell responses were

characterized during acute infection with LCMV Arm-

strong, by measuring responses directed against the MHC

class II restricted CTL epitopes in enzyme-linked immu-

nospot (ELISPOT) and intracellular cytokine staining

assays.21,22 We have shown that in the H-2d setting, there

were nine MHC class II-restricted epitopes directed

against the NP, GP and Z proteins.22 In the H-2b setting,

we found that there were six MHC class II-restricted epi-

topes directed against the NP and GP proteins. In both

of these settings, there were overlapping MHC class

I-restricted epitopes. In both systems, a broad repertoire

of MHC class II-restricted responses exists, which shows
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the complex nature of the helper responses. Other viruses

such as vaccinia virus and influenza virus also have a

broad repertoire of T helper responses, which suggests

that the complex CD4+ T-cell responses are not unique

to LCMV.21,22 Understanding the complex CD4+ T-cell

helper responses is vital to viral clearance.

In chronic LCMV infection, the immune system does

not control viral replication effectively.6,23–27 Little is

known about CD4+ T cells and the mechanism through

which LCMV is able to persist during chronic infection

with LCMV clone 13. During clone 13 infections, the

immune system is suppressed. It has been shown that

dendritic cells are overly infected and unable to stimulate

a proper T-cell response.28 The role of T helper responses

has been insufficiently studied.

We were interested in whether CD4+ T cells are present

or deleted during infection with LCMV clone 13. Further,

if the CD4+ T cells are present and dysfunctional, we

wanted to know what mechanism rendered them dysfunc-

tional. Hence, in this study, we investigated the role of

CD4+ T-cell responses in chronic infection.

To address the question of whether CD4+ T cells are

present during chronic infection of LCMV, we infected

C57BL/6 mice with LCMV Armstrong and clone 13 and

determined the presence of CD4+ T cells by surface stain-

ing for the presence of the CD4+ marker. To further

probe the specificity of the CD4+ T cells, we used a tetra-

mer specific for the GP66-80 epitope. The tetramer was

tested after infection with LCMV Armstrong and clone 13

to determine the differences in the CD4+ T-cell response

between the two strains of LCMV.

Finally, we tested several different CD4+ inhibitory

ligands to characterize their differential expression dur-

ing chronic infection. In an effort to characterize CD4+

T-cell dysfunction, the expression of known inhibitory

molecules was screened on the surface of CD4+ T cells

because of their previously observed presence on CD8+

T cells.13 The inhibitory molecules PD-1 and lymphocyte

activation gene 3 (LAG-3) are over-expressed on CD8+

T-cell lymphocytes during clone 13 infections and their

subsequent blockade leads to a reversal of CD8+ T-cell

exhaustion.29 It is also known that HIV-specific CD4+ T

cells co-express PD-1 and another inhibitory molecule

cytotoxic T-lymphocyte antigen 4 (CTLA-4).30 CD160

has been reported as an inhibitory molecule that is

co-expressed along with PD-1, CTLA-4 and LAG-3 on

CD8+ T cells during chronic infection in the H-2b set-

ting.29 The presence of any inhibitory molecules on the

surface of CD4+ T cells has been vastly understudied.

Therefore, we characterized the expression profile of

CD4+ T cells during acute and chronic infection and

selected the mentioned inhibitory markers based on

previous CD8+ T-cell studies.29 The profiling of CD4+

T-cell inhibitory molecule expression was aimed at iden-

tifying key markers for chronic LCMV infection. The

need to accurately identify the mechanism through

which viral clearance can be facilitated, will aid in the

future development of remedies for other viruses in

other systems.

Materials and methods

Mice and infections

C57BL/6 (H-2b) mice were purchased from The Jackson

Laboratory (Bar Harbor, ME). C57BL/6 (H-2b) mice were

infected with 2 9 105 plaque-forming units of LCMV

Armstrong intraperitoneally. Mice were killed by CO2

inhalation, and spleens were harvested 8, 15 and 30 days

after infection. For LCMV clone 13 experiments, C57BL/6

mice were infected with 2 9 106 plaque-forming units of

LCMV clone 13 retro-orbitally. Mice were killed by CO2

inhalation, and spleens were harvested 8, 15 and 30 days

after infection. All studies were conducted at the La Jolla

Institute for Allergy and Immunology, in facilities

approved by the Association for Assessment and Accredi-

tation of Laboratory Animal Care and according to Insti-

tutional Animal Care and Use Committee-approved

animal protocols.

MHC-II tetramer, primary and secondary antibodies

MHC-II tetramer (15-mer) was developed by the

National Institutes of Health tetramer core facility at

Emory University (Atlanta, GA). GP66-80 Tetramer,

presenting a previously identified peptide shown to eli-

cit an immune response based on interferon-c produc-

tion,21 was used to identify CD4+ T-cell populations in

samples from mice infected ex vivo with Armstrong

and clone 13. Freshly harvested splenoctyes from naive

and infected mice were incubated with tetramer at

1 : 100 (1 ll tetramer into 99 ll FACS buffer) (PBS–
5% fetal bovine serum) for 1 hr at 37°. Cells were

washed with PBS supplemented with 5% fetal bovine

serum to remove unbound tetramer. Splenocytes were

then incubated at 1 : 200 (1 ll tetramer into 199 ll
FACS buffer) with mouse Biotin anti-CD160 (eBio-

science, San Diego, CA) primary antibody on ice for

30 min. Cells were washed with PBS, supplemented

with 5% fetal bovine serum, to remove unbound anti-

body. Splenocytes were then incubated with mouse

aCD4+, streptavidin a�biotin (eBioscience), aLAG-3
(BioLegend, San Diego, CA), aCTLA-4 (Invitrogen/Life

Technologies, Carlsbad, CA) and aPD-1 (BioLegend)

antibodies on ice for 30 min. Cells were washed with

PBS supplemented with 5% fetal bovine serum to

remove unbound antibody. Splenocytes were then

sorted using FACS with LSR and FACS DIVA software.

Cell-sorted populations were analysed using FLOWJO 9.1

and SPICE.
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Results

Antigen-specific CD4+ T-cell populations are present
during chronic infection

To characterize responses during chronic infection, we

proceeded with studies using the GP66-80 tetramer. Mice

were infected and killed at days 8, 15 and 30 post-

infection to accurately quantify antigen-specific CD4+ T-

cell populations over the course of infection to observe

functional lymphocyte exhaustion. Splenocytes from

Armstrong-infected and clone 13-infected mice were

sorted on aCD4 antibody and GP66 tetramer to deter-

mine the presence of CD4+ T cells during acute and

chronic infection. FACS analysis indicated the presence of

CD4+ GP66+ T cells at each time point (Fig. 1).

A total of 200 000 events were collected for each exper-

imental sample. Total CD4+ T cells varied between 3383

(2%) and 60 589 (30%) among the different groups.

Specifically, in the naive groups, CD4+ T cells ranged

between 11 143 and 60 589 (average 20 211). In the

infected animals, Armstrong-infected animals ranged

between 3819 and 31 473 (average 16 762) and clone 13-

infected animals ranged between 3383 and 33 732 (aver-

age 12 516). CD4+ GP66+ T cells varied between 40 and

929 among the different groups. Specifically, in the naive

groups, CD4+ GP66+ T cells ranged between 51 and 657

(average 175). In the infected animals, Armstrong-

infected animals ranged between 100 and 929 (average

314) and clone 13-infected animals ranged between 40

and 481 (average 187). There was not a significant

difference in between the CD4+ GP66+ naive T cells and

the infected clone 13 T cells over the time–course. How-

ever, there was a significant difference between the Arm-

strong-infected CD4+ GP66+ T cells and the naive

CD+ GP66+ T cells (P = 0�0002). This demonstrates the

differences between the infected and naive animals as well

as variability between the different viral infections.

At day 8 post-infection, antigen-specific T cells were

present at high levels during Armstrong infection

(4�51%), but remain at low levels (1�35%) in clone 13-

infected mouse groups (Fig. 1) (P < 0�001, t = 1�94).
During Armstrong infection at day 15, GP66-specific T

cells had returned to lower levels (1�39%). Compared

with Armstrong-infected mouse groups, clone 13-infected

groups showed an elevation in overall number by day 30

(2�88%), indicating that antigen-specific cells are present

even at exhausted phases of chronic viral infection despite

having a dysfunctional phenotype as previously shown

(Fig. 2).21

CD4+ T cells express abnormal levels of PD-1 during
chronic infection

In an effort to investigate lymphocyte deficiency on the

basis of suppression via inhibitory molecules, we first

examined surface expression of total CD4+ T cells during

a 30-day course of infection and co-stained splenocyte

samples using primary antibodies specific for a subset of

co-expressed lymphocyte inhibitory-associated molecules.

This pre-determined subset of molecules included LAG-3,

CTLA-4, CD160 and PD-1.29

Of the inhibitory molecules screened, only PD-1 and

CD160 showed any differential expression between

infected and naive mice over the time–course (Fig. 3a,b).

The mean fluorescence intensity (MFI) of PD-1 with

regard to Armstrong-infected and naive mice differed at

day 8 (P < 0�02). The MFI of PD-1 with regard to clone

13-infected and naive mice differed at day 30

(P < 0�0001; data not shown). The MFI of CD160 with

regard to Armstrong-infected and naive mice differed at

day 15 (P < 0�05; data not shown). CD4+ T cells showed

no difference in CTLA-4, or LAG-3 expression between

infected and naive mouse groups over the time–course
(Fig. 4a,b) (P > 0�05). The MFI among the other groups

were not significantly different from each other. In terms

of the molecules differentially expressed between naive

and infected animals, by day 15, CD4+ T cells from clone

13-infected mice expressed PD-1 at higher levels when

compared with Armstrong-infected mouse groups

(Fig. 3a) (P < 0�001, t = 1�94). The increased level of

PD-1 expression was also maintained at 30 days post-

infection when comparing clone 13 and Armstrong-

infected mouse groups (Fig. 3a) (P < 0�001, t = 1�94).
This shows that the elevated levels of PD-1 further limit

T-cell function.
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Figure 1. Quantification of antigen-specific CD4+ T cells over a 30-

day infection period. C57BL/6 mice were infected intraperitoneally

with 2 9 105 plaque-forming units (PFU) of lymphocytic chorio-

meningitis virus (LCMV) Armstrong, retro-orbitally with

2 9 106 PFU of LCMV clone 13, or left uninfected. Eight days post-

infection, CD4+ T cells from splenocyte samples were stained and

tested against phycoerythrin-conjugated MHC II tetramers. Samples

were then sorted using flow cytometry and data were analysed using

FLOWJO 9.1. *P < 0�05.
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Antigen-specific T-cell populations against GP66
express disproportionately higher levels of PD-1
during chronic infection

To properly characterize antigen-specific CD4+ T-cell

expression of the mentioned inhibitory molecules, spleno-

cyte samples from infected mice were collected and

stained with previously stated antibodies and GP66 tetra-

mer. At day 30 post-infection, clone 13-infected mice

show that PD-1 is more highly expressed on CD4+ GP66+

T cells compared with Armstrong-infected mouse groups

(Fig. 5) (P < 0�01, t = 1�94). PD-1 is therefore a marker

for CD4+ T-cell dysfunction during chronic LCMV infec-

tion. GP66-specific CD4+ T cells showed no difference in

CD160, CTLA-4, or LAG-3 expression between infected

and naive mouse groups (Fig. 6a,b,c) (P > 0�05).

Antigen-specific CD4+ T cells co-express multiple
inhibitory ligands during infection

The co-expression of inhibitory ligands (PD-1, CD160,

CTLA-4 and LAG-3) was analysed using flow cytometry.

On day 8 post-infection, a small portion of Armstrong-

infected cells expressed more than two inhibitory ligands,
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Figure 2. Quantification of antigen-specific CD4+ GP66+ T cells was assessed over a 30-day time–course of infection. Splenocytes were collected

and sorted using flow cytometry and data were analysed using FLOWJO 9.1.
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whereas, clone 13-infected cells had a greater number of

inhibitory molecules being co-expressed (Fig. 7). Fifteen

days post-infection, there was an increase in the co-expres-

sion of PD-1 and LAG-3 in clone 13-infected mice (Fig. 7).

On day 30 post-infection, there was an additional increase

in the Armstrong-infected and clone 13-infected mice co-

expressing PD-1 and LAG-3 (Fig. 7).

There was a significant difference in the percentage of

antigen-specific cells co-expressing two inhibitory mole-

cules versus three or four inhibitory molecules, 8 days

post-infection in Armstrong-infected mice (P < 0�05). For
clone 13, 8 days post-infection, there was also significant

difference in the percentage of antigen-specific CD4+

T cells co-expressing two inhibitory molecules versus

three or four inhibitory molecules (P < 0�02).

There was a significant difference in the percentage of

antigen-specific CD4+ T cells co-expressing two inhibitory

molecules versus three or four inhibitory molecules,

15 days post-infection in Armstrong-infected mice

(P < 0�03). In clone 13, 15 days post-infection, there was

also a significant difference in the percentage of antigen-

specific CD4+ T cells co-expressing three inhibitory mole-

cules versus four inhibitory molecules (P < 0�04).
There was a significant difference in the percentage of

antigen-specific CD4+ T cells co-expressing two inhibitory

molecules versus four inhibitory molecules (P < 0�04),
and the co-expression of three inhibitory molecules versus
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Figure 3. Quantification of CD4+ T-cell expression of programmed

death 1 (PD-1) and CD160 over a 30-day infection period. C57BL/6

mice were infected intraperitoneally with 2 9 105 plaque-forming

units (PFU) of lymphocytic choriomeningitis virus (LCMV) Arm-

strong, retro-orbitally with 2 9 106 PFU of LCMV clone 13, or left

uninfected. Eight, 15 and 30 days post-infection, CD4+ T cells from

splenocyte samples were stained with (a) aPD-1 (b) aCD160 murine

antibodies. Samples were then sorted using flow cytometry and data

were analysed using FLOWJO 9.1. *P < 0�05.
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Figure 4. Quantification of CD4+ T-cell expression of cytotoxic

T-lymphocyte antigen 4 (CTLA-4) and lymphocyte activation gene 3

(LAG-3) expression over a 30-day infection period. C57BL/6 mice

were infected intraperitoneally with 2 9 105 plaque-forming units

(PFU) of lymphocytic choriomeningitis virus (LCMV) Armstrong,

retro-orbitally with 2 9 106 PFU of LCMV clone 13, or left unin-

fected. Eight, 15 and 30 days post-infection, CD4+ T cells from

splenocyte samples were stained with (a) aCTLA-4 (b) aLAG-3
murine antibodies. Samples were then sorted using flow cytometry

and data were analysed using FLOWJO 9.1.

ª 2013 The Authors. Immunology published by John Wiley & Sons Ltd, Immunology, 140, 61–69 65

CD4+ T-cell inhibitory ligands



four inhibitory molecules (P < 0�05) 30 days post-infec-

tion in Armstrong-infected mice. In clone 13, 30 days

post-infection, there was a significant difference in the

percentage of antigen-specific CD4+ T cells co-expressing

three inhibitory molecules verses four inhibitory mole-

cules (P < 0�05).

Discussion

CD8+ T cells have been characterized during infection

with LCMV. During acute infection with LCMV viral

clearance is obtained. During infection with LCMV clone

13, viral persistence occurs. It has been shown that CD8+

T cells become exhausted and are unable to clear the

virus, which results in viral persistence. We were inter-

ested to understand the role of LCMV-specific CD4+

T-cell responses during chronic infection, including the

effect of regulatory and inhibitory molecules.19,20,31

In an effort to further characterize CD4+ T-cell pres-

ence during chronic infection, an MHC class II tetramer

was obtained to precisely quantify the number of antigen-

specific CD4+ T cells present during LCMV infection.

Time–course studies revealed that antigen-specific CD4+

T-cell populations are present at days 8, 15 and 30 post-

infection with LCMV clone 13 (Fig. 1). The CD4+ T-cell

populations that were observed 15 and 30 days post-

infection were GP66 positive. These data not only con-

firm the presence of CD4+ T-cell populations, but they

are also specific for the GP66 immunodominant epitope

previously identified.21,32
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of programmed death 1 (PD-1) over a 30-day infection period.

C57BL/6 mice were infected intraperitoneally with 2 9 105 plaque-

forming units (PFU) of lymphocytic choriomeningitis virus (LCMV)

Armstrong, retro-orbitally with 2 9 106 PFU of LCMV clone 13, or

left uninfected. Eight, 15 and 30 days post-infection, CD4+ T cells

from splenocyte samples were stained with aPD-1 murine antibody.

Samples were then sorted using flow cytometry and data were analy-

sed using FLOWJO 9.1. *P < 0�05.
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Figure 6. Characterization of antigen-specific CD4+ T-cell expression

of (a) CD160, (b) cytotoxic T-lymphocyte antigen 4 (CTLA-4) and

(c) lymphocyte activation gene 3 (LAG-3) over a 30-day infection

period. C57BL/6 mice were infected intraperitoneally with

2 9 105 plaque-forming units (PFU) of lymphocytic choriomenin-

gitis virus (LCMV) Armstrong, retro-orbitally with 2 9 106 PFU

of LCMV clone 13 or left uninfected. Eight, 15 and 30 days post-

infection, CD4+ T cells from splenocyte samples were stained with

aCD160, aCTLA-4 and aLAG-3 murine antibodies. Samples were

then sorted using flow cytometry and data were analysed using

FLOWJO 9.1.
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T-cell lymphocyte dysfunction has been observed in

recent CD8+ T-cell studies where a set of co-expressed

inhibitory molecules were identified as contributors to

the persistence of chronic infection.29 Recently, more

studies involving inhibitory molecules have become the

focus of restoring function to dysfunctional T helper cells.

These inhibitory molecules include PD-1, CTLA-4, CD-

160 and LAG-3. Blocking these inhibitory molecules

improves the immune system’s ability to clear the

virus.13,29 The role that inhibitory molecules play is not

fully understood. It has been observed that up-regulation

of PD-1 is a contributor of CD8+ T-cell exhaustion. By

blocking the PD-1 receptor, partial function was restored

to the CD8+ T cells.13 Little is known about the relation-

ship of PD-1 and CD4+ T cells during chronic infection.

We were interested in whether inhibitory receptors were

unique to CD8+ T cells or if they have the same mecha-

nism on CD4+ T cells.

In our study, we looked at the expression of the PD-1 on

antigen-specific CD4+ T cells during infection with LCMV

clone 13. After 8 days, CD4+ T cells had relatively low

PD-1 expression, but by days 15 and 30 post-infection,
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Figure 7. The concurrent expression of multiple inhibitory ligands [programmed death 1 (PD-1), cytotoxic T-lymphocyte antigen 4 (CTLA-4),

lymphocyte activation gene 3 (LAG-3), CD160) on GP66+ CD4+ splenocytes from the three experimental groups at days 8, 15 and 30 post-infec-

tion. Individual populations were grouped based on total number of inhibitory ligands expressed using Boolean gating to analyse groups and

SPICE for coexpression comparisons. The percentages of GP66+ CD4+ T-cells expressing combinations of inhibitory ligands are shown.
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over-expression of PD-1 was observed on the surface of

these cells (Fig. 3a). Flow cytometry analysis of antigen-

specific CD4+ T cells showed a disproportionately high

number of CD4+ GP66+ PD-1+ T cells at the exhaustion

stages of infection, namely day 30 (Fig. 5) (P < 0�01,
t = 1�94). The over-expression of PD-1 on the surface of

antigen-specific T cells indicates that CD4+ T-cell dysfunc-

tion does correspond with an elevated PD-1 expression

profile. The significantly elevated presence of PD-1 on

CD4+ T cells shows that PD-1 expression is not unique to

an MHC class I CD8+ T-cell model of LCMV clone 13

infection.

CD160 has been shown to act as an inhibitory ligand of

CD8+ T-cell activity when co-expressed with PD-1.29

CD160 levels were shown to remain the same following

clone 13 infection as in Armstrong-infected groups

(Fig. 3b). Also, CD4+ T cells sorted on LAG-3 and CTLA-

4 showed no deviation in expression pattern among the

mouse groups tested (Fig. 4a,b) (P > 0�05). Hence, it

appears that CD160, LAG-3 and CTLA-4 alone are not

associated with CD4+ T-cell dysfunction during chronic

infection. CD160, LAG-3 and CTLA-4 showed no change

in expression level on the surface of antigen-specific

CD4+ T cells during chronic infection over the time–
course studies, even though they have been characterized

as over-expressed inhibitory molecules in the CD8+ T-cell

setting. Over the time–course in Armstrong-infected mice,

the expression of two inhibitory ligands on antigen-spe-

cific CD4+ T cells were statistically significant. However,

over the time–course in clone 13-infected mice, the num-

ber of antigen-specific CD4+ T cells expressing three

inhibitory ligands during the exhaustive stages of infection

were statistically significant. It was observed that there

was a direct correlation between the number of antigen-

specific CD4+ T cells and the number of co-expressed

inhibitory ligands. The data showed that the percentage of

antigen-specific CD4+ T cells decreased as the number of

co-expressed inhibitory ligands increased (Fig. 7). During

the exhaustive stages of infection, days 15 and 30, the

expression of PD-1 in combination with the other inhibi-

tory molecules indicates the dysfunction of the CD4+

T-cell response.

This study showed that mice that harbour a chronically

persisting virus, LCMV clone 13, exhibit a dysfunctional

cytokine phenotype and this disease-associated phenotype

also corresponds to the over-expression of PD-1 on the

surface of antigen-specific CD4+ T-cell populations. The

over-expression of PD-1 on the surface of antigen-specific

CD4+ T cells is a reliable marker for LCMV clone 13

infection and corresponds to dysfunctional MHC II-

restricted responses.

Since CD4+ T-cell responses are instrumental in estab-

lishing and sustaining CTL responses in viral infections,

we have provided a profile for further characterizing the

dysfunction of CD4+ T cells.33–36 Our study further dem-

onstrates that CD4+ T-cell responses are complex and

highlights the need for accurate tools to characterize these

mechanisms.
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