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Efficient control of chronic LCMV infection by a CD4
T cell epitope-based heterologous prime-boost
vaccination in a murine model

Ran He1,2,5, Xinxin Yang2,5, Cheng Liu2, Xiangyu Chen2, Lin Wang2, Minglu Xiao2, Jianqiang Ye3,4,
Yuzhang Wu1,2 and Lilin Ye2

CD4+ T cells are essential for sustaining CD8+ T cell responses during a chronic infection. The adoptive transfer of
virus-specific CD4+ T cells has been shown to efficiently rescue exhausted CD8+ T cells. However, the question of
whether endogenous virus-specific CD4+ T cell responses can be enhanced by certain vaccination strategies and
subsequently reinvigorate exhausted CD8+ T cells remains unexplored. In this study, we developed a CD4+ T cell
epitope-based heterologous prime-boost immunization strategy and examined the efficacy of this strategy using a
mouse model of chronic lymphocytic choriomeningitis virus (LCMV) infection. We primed chronically LCMV-infected
mice with a Listeria monocytogenes vector that expressed the LCMV glycoprotein-specific I-Ab-restricted CD4+ T cell
epitope GP61–80 (LM-GP61) and subsequently boosted the primed mice with an influenza virus A (PR8 strain)
vector that expressed the same CD4+ T cell epitope (IAV-GP61). This heterologous prime-boost vaccination strategy
elicited strong anti-viral CD4+ T cell responses, which further improved both the quantity and quality of the virus-
specific CD8+ T cells and led to better control of the viral loads. The combination of this strategy and the blockade
of the programmed cell death-1 (PD-1) inhibitory pathway further enhanced the anti-viral CD8+ T cell responses
and viral clearance. Thus, a heterologous prime-boost immunization that selectively induces virus-specific CD4+ T
cell responses in conjunction with blockade of the inhibitory pathway may represent a promising therapeutic
approach to treating patients with chronic viral infections.
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INTRODUCTION

During an acute viral infection, virus-specific effector CD8+

T cells greatly expand, secrete copious amounts of inflammatory
cytokines and exert potent cytolytic activities on virus-infected
cells. Altogether, these responses lead to the efficient clearance of
the infection. After the acute elimination of the viral infection,
the majority of the effector CD8+ T cells die by apoptosis,
although a small fraction of these effector cells survive and
progressively differentiate into long-lived memory cells that are
capable of conferring immediate protection on re-encountering
the same virus.1,2 However, in chronic viral infections, such as
HIV, HCV and mouse lymphocytic choriomeningitis virus

Clone 13 strain (LCMV-Cl13) infection, the long-term persis-
tence of the viral antigens drives the differentiation of function-
ally exhausted virus-specific CD8+ T cells. These cells are
characterized by impaired cytokine secretion, compromised
proliferation potential and a diminished cytolytic activity.3–6

Moreover, exhausted CD8+ T cells exhibit a prolonged upregu-
lation of the expression of an array of inhibitory receptors
including programmed cell death-1 (PD-1), lymphocyte activa-
tion gene 3 (Lag3) and T cell immunoglobulin domain and
mucin domain 3 (Tim-3).7–9 These inhibitory molecules mediate
signaling pathways that profoundly influence the functional state
of the exhausted CD8+ T cells in chronic viral infections.7,10–13
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Although exhausted CD8+ T cells often lose the potential to
differentiate into memory T cells, they are not terminally
differentiated cells.14,15 This point is supported by the evidence
that targeting of the PD-L1/PD-1 inhibitory pathway using
antibody blockade can partially reprogram the exhausted
CD8+ T cells and effectively restore their function.16–19

Moreover, exhausted CD8+ T cells are not functionally inert
and still maintain a certain level of ability to limit
viral replication during chronic infection.14,15,20–24 The non-
terminal differentiation state and partially retained effector
function of exhausted CD8+ T cells lay the foundation
for therapeutic vaccines to target and reinvigorate the
exhausted CD8+ T cells, which could potentially lead to
efficient virus control. In support of this concept, the combi-
nation of PD-1 antibody blockade and VSV-based vectors that
express the LCMV-GP33 epitope can efficiently boost
exhausted GP33-specific CD8+ T cells and improve virus
control in vaccinated animals that are chronically infected with
LCMV-Cl13.25

CD4+ T cells provide essential assistance in the maintenance
of both the effector function and the population of exhausted
CD8+ T cells.26 Transient depletion of CD4+ T cells before
LCMV-Cl13 infection markedly attenuates the number and
function of exhausted LCMV-specific CD8+ T cells.4,27,28

Similarly, the gradual loss of CD4+ T cells in chronic HIV
infection promotes the exhaustion of HIV-specific CD8+ T
cells.29 In addition, the adoptive transfer of virus-specific CD4+

T cells into mice chronically infected with LCMV-Cl13 has
been shown to greatly enhance the number and effector
function of exhausted CD8+ T cells and increase the control
of viral replication.30 Paradoxically, the immunization of naive
animals with a vaccine regimen that selectively induces CD4+ T
cell responses to LCMV glycoprotein GP66-specific followed by
chronic infection with LCMV-Cl13 results in lethal
immunopathology.31 However, it is not known whether the
induction of virus-specific CD4+ T cell responses by the
vaccination of mice that are already chronically infected would
contribute to virus control or result in lethal
immunopathology.

The preparation and subsequent adoptive transfer of a large
number of virus-specific CD4+ T cells for the treatment of
patients with chronic viral infections is obviously challenging
and economically burdensome in clinical settings. Therefore,
the development of a vaccination strategy that effectively
induces endogenous viral-specific CD4+ T cell responses
in vivo would be optimal. In this study, we examined the
efficacy and safety of a heterologous prime-boost immuniza-
tion strategy designed to elicit virus-specific CD4+ T cell
responses in mice chronically infected with LCMV-Cl13.

MATERIALS AND METHODS

Mice, bacteria and immunization
The C57BL/6J mice were purchased from The Jackson
Laboratories. The lymphocytic choriomeningitis virus (LCMV)
clone 13 (Cl13) strains were obtained from Dr Rafi Ahmed,
Emory University. The mice were infected intravenously (i.v.)

with LCMV-Cl13 (2× 106 PFU) at 6–10 weeks of age, and both
sexes were included without randomization or blinding. The
LCMV-Cl13-infected mice were immunized with 1× 106 PFU
of Listeria monocytogenes that expressed a CD4+ T cell epitope
derived from LCMV GP61–80 (LM-GP61) 32 and with 0.5
LD50 (50% of the lethal dose) of influenza A virus (PR8 strain)
that expressed the epitope GP61–80 (IAV-GP61) or the CD8+

T cell epitope GP33–41 (IAV-GP33).33 The immunizations
with LM-GP61 and the IAV-GP61/GP33 was injected intraper-
itoneally (i.p.).

The Listeria strain was grown with agitation at 37 °C in
Brain-Heart Infusion broth containing streptomycin (100 μg/
ml), and the Listeria cells and culture supernatants were
harvested at A600 nm= 1.5.

No statistical methods were used to predetermine the sample
size. The number of mice necessary to reach statistical
significance for each experiment was based on previous
experience. The immunized mice were housed in accordance
with the institutional biosafety regulations of the Third Military
Medical University. All mice were used in accordance with the
guidelines of the Institutional Animal Care and Use Commit-
tees of the Third Military Medical University.

Flow cytometry and antibodies
Major histocompatibility complex (MHC) class I peptide
tetramers of the H-2Db complex with LCMV GP33–41 and
GP276–286 were obtained from Dr Rafi Ahmed (Emory
University). MHC class II (I-Ab) tetramers specific for the
LCMV epitope of glycoprotein amino acids 66–77 were
provided by the tetramer core facility of the US National
Institutes of Health (Emory). The antibodies used for flow
cytometry are listed in Supplementary Table 1. Surface staining
was performed using PBS containing 2% BSA or FBS (wt/vol).
For the analysis of intracellular cytokine production, the
splenocytes were first stimulated with the indicated peptides
(0.2 μg/ml) and brefeldin A for 5 h at 37 °C. Following surface
staining, intracellular cytokine staining and Ki-67 staining were
performed using a Cytofix/Cytoperm Fixation/Permeabilization
Kit (554714, BD Biosciences, San Jose, CA, USA) according to
the manufacturer’s instructions. To detect degranulation, the
splenocytes were stimulated for 5 h in the presence of the
indicated peptide (0.2 μg/ml) and brefeldin A, as well as anti-
CD107a and anti-CD107b antibodies (BD Biosciences). The
MHC class II tetramers were stained by incubating the
tetramers with cells for 1 h at 37 °C. CXCR5 staining was
performed as previously described.23 Foxp3 staining was
performed after the surface staining using a Foxp3 Staining
Buffer Set (eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. The samples were collected using a
FACSCanto (BD Bioscience) flow cytometer and analyzed
using FlowJo (Treestar, Ashland, OR, USA).

Virus titration
The LCMV viral loads in the tissue samples were quantified
using qRT-PCR as previously described.34 For quantification of
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LCMV-Cl13 viral loads, the weight of harvested tissues from
infected mice was measured. After homogenization, the total
RNA was then extracted from the tissue homogenate using
TIANAMP Virus RNA Kit (TIANGEN, China) and was
subjected to reverse transcription using the RevertAid Minus
First Strand cDNA Synthesis Kit (Thermo, USA) following the
manufacturer’s instructions, while LCMV-specific glycoprotein
primer (GP-R: 5'-GCAACTGCTGTGTTCCCGAAAC-3') was
used for cDNA synthesis. The qPCR assay with LCMV
glycoprotein-specific primer pairs (GP-R, 5'-GCAACTGCT
GTGTTCCCGAAAC-3', and GP-F 5'-CATTCACCTGGAC
TTTGTCAGACTC-3') was then used to evaluated the viral
loads in the tissue samples. The Cq (quantification cycle) values
from RNA samples of 10-fold serial diluted LCMV-Armstrong
virus that has already been titrated by plaque assay was used to
set up the standard curve. The pfu of LCMV-Cl13 in tissues
was calculated with the following: lg(pfu)= slope*Cq+y-inter-
cept; pfu/g= pfu calculated from above/tissue weight.

ELISA
The LCMV-specific serum antibody titers were determined
using ELISA as previously described35 with HRP-conjugated
goat anti-mouse IgG secondary antibodies (Southern Biotech,
Birmingham, AL, USA).

In vivo antibody blockade
For the PD-L1 blockade, 200 μg of rat anti-mouse PD-L1
antibody (10F.9G2; BioXcell, West Lebanon, NH, USA) was
administered (i.p.) every 3 days for a total of three times. To
deplete the CD4+ T cells, the mice were administered 500 μg of
anti-mouse CD4 antibody (GK1.5; BioXcell) i.p. on day − 1
and day 1 after LCMV-Cl13 infection. To deplete the CD8+

T cells, the mice were injected i.p. with 500 μg of anti-mouse
CD8 antibody (YTS 169.4; BioXcell).

Statistical analysis
The statistical analysis was conducted using Prism 6.0 (Graph-
Pad, La Jolla, CA, USA). For virus titration, a Mann-Whitney

Figure 1 CD4+ T cell epitope-based heterologous prime-boost vaccination efficiently reduced the viral load in mice with chronic LCMV-
Cl13 infections. (a) The heterologous prime-boost vaccination strategy using a CD4 T cell epitope-based therapeutic vaccine. (b–d) Viral
titers in the indicated tissues of the control (Ctrl) and vaccinated mice on day 8 post boost (n=10–13 mice per group). (e, f) Viral titers in
the indicated tissues of the chronically infected control mice and the chronically infected mice that were vaccinated with LM-GP61 or IAV-
GP61 alone (Ctrl, n=5, LM-GP61/IAV-GP61, n=4). The data are representative of three independent experiments and were analyzed
using Mann–Whitney U-tests (b–f). The error bars (b–f) denote the s.e.m. ***Po0.001. LCMV, lymphocytic choriomeningitis virus; NS, not
significant.
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U-test was used to calculate the P-values where noted. For all
other analyses, a two-tailed unpaired Student’s t-test with a
95% confidence interval was used to calculate the P-values.

RESULTS

Heterologous prime-boost vaccination using the CD4+ T cell
epitope-based therapeutic vaccine efficiently reduces the viral
load in mice chronically infected with LCMV-Cl13
To examine the efficacy of the CD4+ T cell epitope-based
vaccination, we first primed the LCMV-Cl13-infected mice on
day 21 with the L. monocytogenes vector that expressed the
LCMV glycoprotein-specific I-Ab-restricted CD4+ T cell epi-
tope GP61–80 (LM-GP61). We subsequently boosted the
primed mice 7 days later with an influenza virus A (PR8
strain) vector that expressed the same CD4+ T cell epitope
(IAV-GP61, Figure 1a). Control mice that had been infected
with LCMV-Cl13 were treated with i.p. injections of PBS at the
times of priming and boost.

On day 8 post boost, we measured the viral load in non-
lymphoid (lung and liver) and lymphoid (spleen) tissues of the
vaccinated and control mice. Strikingly, we observed a 100- to
1000-fold reduction in the viral load in all of the examined
tissues from the vaccinated mice compared with those from the
control mice (Figures 1b–d). The reduction in viral load was
presumed to be attributable to the integrated prime and boost
vaccination based on the fact that immunization of LCMV-
Cl13-infected mice with either LM-GP61 or IAV-GP61 alone
did not significantly diminish the viral burden in the vaccinated
mice compared with the control mice (Figures 1e and f).
Notably, the efficient control of viral replication using this
vaccination strategy did not seem either to cause the death of
the immunized animals or result in overt immunopathology, as
indicated by the 100% survival of the immunized mice and the
similar levels of alanine aminotransferase and aspartate transa-
minase in the vaccinated and control mice (Supplementary
Figures 1a and b). Furthermore, the body weights of the
vaccinated infected mice were modestly increased compared
with the non-vaccinated infected mice (Supplementary
Figure 1c).

Heterologous prime-boost immunization with vectors
expressing an LCMV-specific CD4+ T cell epitope
reinvigorates the exhausted CD8+ T cells in mice with
chronic LCMV-Cl13 infections
Even when they are functionally exhausted, virus-specific
CD8+ T cells have a pivotal role in the control of viral repli-
cation during chronic infection.14,15,20–24 The efficient reduc-
tion in viral load prompted us to examine whether our
immunization strategy restored the CD8+ T cell responses
during chronic LCMV-Cl13 infection. Notably, we observed a
dramatic increase in both the frequency and number of virus-
activated total CD44hiCD8+ T cells in the spleens of the
vaccinated LCMV-Cl13-infected mice compared with the non-
vaccinated LCMV-Cl13-infected mice (Figure 2a). Consistently,
we also noted that although the frequencies of LCMV glyco-
protein (GP33 and GP276)-specific CD8+ T cells in the spleens

of the vaccinated mice were similar to those in the control mice
(Supplementary Figures 2a and b), the numbers of GP33 and
GP276-specific CD8+ T cells were significantly higher in the
vaccinated mice compared with the control mice (Figure 2b).

The expression of inhibitory molecules including PD-1 and
Tim-3 is a hallmark of exhausted CD8+ T cells. These
molecules render these exhausted cells less proliferative and less
functional.7–9 The greater number of virus-specific CD8+

T cells and the lower viral load in the vaccinated LCMV-
Cl13-infected mice compared with the control LCMV-Cl13-
infected mice suggested that vaccination could have reinvigo-
rated the exhausted CD8+ T cells. To test this point, we
analyzed the expression of PD-1 and Tim-3 in the cells of the
vaccinated and control LCMV-Cl13-infected mice. Our results
demonstrated that the virus-specific CD8+ T cells in the
vaccinated mice exhibited much lower expression levels of
both PD-1 and Tim-3 compared with the control mice
(Figure 2c). In agreement with these results, the virus-specific
CD8+ T cells in the vaccinated mice expressed higher levels of
Ki-67 than those of the control mice, which suggested that the
proliferation of these cells was enhanced after vaccination
(Figure 2d). More importantly, we observed a remarkable
increase in the IFN-γ secretion and surface expression of
CD107a/b by the virus-specific CD8+ T cells upon LCMV-
specific peptide stimulation in the vaccinated mice compared
with the control mice (Figures 2e and f). In addition to the GP33
epitope-specific CD8+ T cell responses, we found that the prime-
boost vaccination also led to an increase in the IFN-γ production
and surface expression of CD107a/b by virus-specific CD8+

T cells upon GP276 peptide stimulation (Figure 2g).
Recent reports have shown that a CXCR5+CD8+ T cell

subset within the exhausted CD8+ T cell pool has a critical role
in controlling the viral replication in a chronic viral
infection.23,36,37 We did not observe significant changes in
the percentage of CXCR5+ CD8+ T cells in the vaccinated mice,
but the number of CXCR5+ CD8+ T cells increased primarily
due to the increased number of total virus-specific CD8+

T cells in the vaccinated mice (Supplementary Figure 2c). To
determine whether the CD8+ T cell response was essential for
the control of viral replication in the prime-boost vaccination,
we depleted the CD8+ T cells at the time of priming
(Supplementary Figures 2d and e). As expected, we observed
no improvement in the control of viral replication in the
vaccinated mice under these conditions (Supplementary
Figure 2f). These results suggested that a single CD4+ epitope-
based prime-boost vaccination strategy is capable of inducing
broad anti-virus CD8+ T cell responses. Taken together, our
results demonstrate that the CD4+ T cell epitope-based hetero-
logous prime-boost strategy greatly improves both the quantity
and quality of exhausted virus-specific CD8+ T cells, which then
efficiently control chronic infections.

Vaccine-induced CD4+ T cell responses are essential for the
control of chronic viral infections
The assistance provided by CD4+ T cells is essential to sustain,
and sufficient to improve, the functionality of virus-specific
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Figure 2 CD4+ T cell epitope-based heterologous prime-boost vaccination recruited exhausted CD8+ T cells during chronic viral infection.
On day 8 post boost: (a) The frequencies and numbers of virus-activated CD44hiCD8+ T cells in the spleens of the control and vaccinated
mice (n=5). (b) The numbers of LCMV-GP33- and LCMV-GP276-specific CD8+ T cells in the spleens of the control and vaccinated mice
(n=5). (c) PD-1 and Tim-3 expression in the virus-specific CD8+ T cells of the control and vaccinated mice (n=5). MFI, mean
fluorescence intensity. (d) The expression of Ki-67 in the CD44hiCD8+ T cells of the control and vaccinated mice (n=5). (e–h) Upon
stimulation with LCMV-specific peptides, the frequency and number of surface CD107a/b+- and IFN-γ-producing CD8+ T cells in the
spleens of the control and vaccinated mice (e, f: stimulated by GP33–41, n=5; g, h; stimulated by GP276–286, n=4). The data are
representative of three independent experiments and were analyzed using two-tailed unpaired t-tests (b–f). The error bars (b–f) denote the
s.e.m. *Po0.05; **Po0.01; ***Po0.001.
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exhausted CD8+ T cells during chronic infection.26–29 In this
study, we examined whether our vaccination strategy was able
to induce potent virus-specific CD4+ T cell responses. On day 8
post boost, we observed a marked increase in the frequency
and number of total virus-activated CD44hiCD4+ T cells and
I-Ab restricted LCMV-GP66 epitope-specific CD4+ T cells in
the spleens of the vaccinated mice relative to the control mice
(Figures 3a–c). Furthermore, the prime-boost vaccination of
LCMV-Cl13-infected mice also greatly improved the function-
ality of the LCMV-specific CD4+ T cells, as indicated by the
increased frequency of IFN-γ +CD4+ T cells, TNFα+CD4+
T cells and IL-2+CD4+ T cells as well as the production of
IFN-γ, TNFα and IL-2 by antigen-specific CD4+ T cells in the
vaccinated mice compared with the control mice (Figures 3d
and e). In addition, the boosted CD4+ T cells demonstrated an
increased polyfunctionality compared with the non-boosted
control CD4+ T cells (Figure 3f). However, we observed virus-
specific CD8+ T cell responses and viral loads that were similar
in both the vaccinated and control mice after the prime-boost
vaccination when we depleted the CD4+ T cells one day before
priming (Figures 3g–i); the depletion efficiency of CD4+ T cell
is shown in Supplementary Figure 3b. In addition, a sub-
dominant H-2Kb-restricted GP70–77 CD8+ T cell epitope lies
within the GP61–80 CD4+ T cell epitope.38 The dependence of

the CD4+ T cell responses also indicated that this subdominant
CD8+ T cell epitope was unlikely to be involved in the control
of viral load. Moreover, the virus-specific CD4+ T cell response
was strongly enhanced only when the LM-GP61 prime and
IAV-GP61 boost immunization were combined. Single immu-
nization with LM-GP61 or IAV-GP61 did not significantly
improve the virus-specific CD4+ T cell response (Supplemen-
tary Figures 3c–f). These data collectively demonstrate that the
CD4+ T cell epitope-based prime-boost strategy efficiently
induces virus-specific CD4+ T cell responses that are essential
for reinvigorating virus-specific exhausted CD8+ T cells in
chronically infected mice.

Heterologous prime-boost immunization with vectors
expressing an LCMV-specific CD4+ T cell epitope boosts the
humoral responses of mice with chronic LCMV-Cl13
infections
In addition to the cellular immune responses, IgG-mediated
humoral responses are also involved in the control of viral
replication during chronic infection.39 Follicular helper CD4+

T (TFH) cells have a critical role in the initiation and
maintenance of the germinal center (GC) B cell response that
subsequently gives rise to antigen-specific memory B cells and
antibody-secreting plasma cells.40,41 On day 8 post boost, we

Figure 2 Continued.
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Figure 3 CD4+ T cell epitope-based heterologous prime-boost vaccination induced potent virus-specific CD4+ T cell responses that were
essential for the control of viral replication. On day 8 post boost: (a–c) The frequency and number of the total virus-activated CD44hiCD4+

T cells and LCMV-GP66 epitope-specific CD4+ T cells in the spleens of the control and vaccinated mice (n=5). (d, e) The cytokine
production by the LCMV-specific CD4+ T cells in the spleens of the control and vaccinated mice (n=4) upon stimulation with an LCMV-
specific peptide (GP61–77). (f) Polyfunctionality of the CD4+ T cells in the spleens of the control and vaccinated mice. The colors
represent the cytokines coproduced per cell. (g) CD4+ T cells were depleted in the control and vaccinated mice on the day before the LM-
GP66 priming. (h) The numbers of virus-activated CD44hiCD8+ T cells and LCMV-GP33-specific CD8+ T cells in the spleens of the CD4+ T
cell-depleted control mice and vaccinated mice (n=4). (i) Viral titers in the indicated tissues of the CD4+ T cell-depleted control and
vaccinated mice (n=4). The data are representative of three independent experiments and were analyzed using two-tailed unpaired t-tests
(b, c, e, h) and Mann–Whitney U-tests (i). The error bars denote the s.e.m. *Po0.05; **Po0.01; ***Po0.001. LCMV, lymphocytic
choriomeningitis virus; MFI, mean fluorescence intensity; NS, not significant.
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observed an accumulation of more virus-specific Foxp3
−CD44hiCXCR5hiCD4+ TFH cells in the spleens of the vaccinated
mice than in those of the control mice (Figure 4a). Consistent
with this result, the vaccinated mice exhibited a higher frequency
and number of PNAhiFAShiCD19+ GC B cells in their
spleens than the control mice (Figure 4b). Consequently, we
observed a remarkable increase in LCMV-specific IgG titers in
the sera of the vaccinated mice compared with the control mice
(Figure 4c).

In addition to modulating the B cell responses, our
vaccination strategy seemed to reduce the PD-L1 expression
in antigen-presenting cells including macrophages and dendritic
cells (DCs) and to slightly reduce the frequency of regulatory
T cells in the spleens of the vaccinated mice compared with the
control mice (Supplementary Figures 4 and 5).

Inclusion of the LCMV-specific CD8+ T cell epitope has
minimal effect on the efficacy of the CD4+ T cell epitope-
based prime-boost vaccination in chronically infected mice
Next, we sought to determine whether the inclusion of an
LCMV-specific CD8+ T cell epitope would further enhance the
efficacy of the CD4+ T cell epitope-based prime-boost vaccina-
tion in chronically infected mice (Figure 5a). Interestingly,
the addition of an IAV vector that expressed the H-2-Db-
restricted, LCMV-specific GP33 epitope (IAV-GP33) to

the LM-GP61 and IAV-GP61 prime-boost vaccination failed
to increase the numbers of either the total CD44hi

CD8+ T cells or the LCMV-GP33 epitope-specific CD8+

T cells compared with the LM-GP61/IAV-GP61 prime-
boost immunization (Figures 5b and c). Furthermore, the
addition of the IAV-GP33 immunization to the LM-GP61/
IAV-GP61 immunization also seemed to have minimal effect
on the functionality of the virus-specific CD8+ T cells based on
the similar numbers of CD107a/b- and IFN-γ positive CD8+

T cells upon LCMV-specific peptide stimulation in the
LM-GP61/IAV-GP61/IAV-GP33 immunization compared with
the LM-GP61/IAV-GP61 immunization (Figures 5d and e).
Consistent with these results, these two immunization
groups exhibited comparable viral titers in the spleens and
livers (Figures 5f and g). These results therefore demonstrated
that pre-existing virus-specific CD8+ T cells in chronically
infected mice stimulated with a CD4+ T cell epitope-based
prime-boost strategy are sufficient to control the chronic viral
infection.

PD-L1 blockade further improves the efficacy of the CD4+ T
cell epitope-based prime-boost vaccination in chronically
infected mice
Blockade of the PD-1-PD-L1 signaling axis has been proven to
reinvigorate exhausted CD8+ T cells in chronic viral

Figure 4 The CD4+ T cell epitope-based heterologous prime-boost vaccination boosted the humoral responses in chronically infected mice.
On day 8 post boost: (a) The number of virus-specific TFH cells in the spleens of the control and vaccinated mice (n=5). (b) The
frequency and number of GC B cells in the spleens of the control and vaccinated mice (n=4). (c) Titration of LCMV-specific IgG in the
sera of the control and vaccinated mice (n=4). The data are representative of three independent experiments and were analyzed using
two-tailed unpaired t-tests. The error bars denote the s.e.m. *Po0.05; ***Po0.001.
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infections.16–19 We next sought to examine whether PD-L1
antibody blockade would further enhance the efficacy of the
CD4+ T cell epitope-based prime-boost immunization (Figure 6a).
Consistent with previous reports, PD-L1 blockade efficiently
reduced the viral load in mice with chronic LCMV-Cl13

infections (Figures 6b–d). Moreover, when combined with
the LM-GP61/IAV-GP61 prime-boost immunization, the
PD-L1 antibody further reduced the viral load compared with
either the single PD-L1 antibody blockade or the LM-GP61/
IAV-GP61 prime-boost vaccination (Figures 6b–d). Therefore,
these results indicated that a combination of immune check-
point blockade and CD4+ T cell epitope-based prime-boost
immunization may represent a novel strategy for treating
chronic viral infections.

DISCUSSION

CD4+ T cells have a critical role in regulating the effector
function and population size of exhausted CD8+ T cells during
chronic viral infections.4,26–28 The transient depletion of
CD4+ T cells during the initial priming phase of the CD8+ T
cell response drives the differentiation of more exhausted
phenotypes of virus-specific CD8+ T cells and leads to the
rapid turnover of the exhausted CD8+ T cell pool and high
viral loads in animals.27 Supplementing the CD4+ T cells by
adoptive transfer of virus-specific CD4+ T cells efficiently
improves the functionality and quantity of the exhausted
CD8+ T cells and greatly reduces the viral loads.30 However,
this strategy is difficult to achieve in a clinical setting because of
the immense complexity and cost of acquiring sufficient
autologous, virus-specific CD4+ T cells for adoptive transfer.
In this study, we demonstrated that a prime-boost immuniza-
tion with Listeria and influenza vectors that expressed a single
virus-specific CD4+ T cell epitope efficiently induced a potent
endogenous CD4+ T cell response, which further expanded the
number and rescued the effector function of the exhausted
CD8+ T cells. Importantly, this immunization protocol resulted
in a dramatic reduction in the viral loads in the immunized
animals without causing overt immunopathology. Thus, com-
pared with the adoptive transfer of CD4+ T cells, heterologous
prime-boost immunization of chronically infected hosts to
enhance the virus-specific CD4+ T cell responses may represent
a simple, safe and cost-effective strategy to reinvigorate the

Figure 5 Inclusion of the LCMV-specific CD8+ T cell epitope had a
minimal effect on the efficacy of the CD4+ T cell epitope-based
heterologous prime-boost vaccination. (a) The setup of the
experiment. At the time of the boost immunization, the vaccinated
mice were injected with IVA-GP61 alone or with IVA-GP61 and IVA-
GP33. On day 8 post boost: (b–e) The number of virus-activated
CD44hiCD8+ T cells (b), LCMV-GP33-specific CD8+ T cells (c),
surface CD107a/b+CD8+ T cells (d) and IFNγ-producing CD8+

T cells (e) in the spleens of the control, IVA-GP66-boosted and IVA-
GP61+IVA-GP33-boosted mice (n=4). (f, g) Viral titers in the
spleens (f) and livers (g) of the control, IVA-GP61-boosted and IVA-
GP61+IVA-GP33-boosted mice (n=4). The data are representative
of three independent experiments and were analyzed using two-
tailed unpaired t-tests (b–e) and Mann–Whitney U-tests (f, g). The
error bars denote the s.e.m. *Po0.05; ***Po0.001. LCMV,
lymphocytic choriomeningitis virus; NS, not significant.
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exhausted CD8+ T cells for the treatment of chronic viral
diseases.

The prime-boost immunization with Listeria and influenza
vectors that expressed LCMV GP61-specific CD4+ T cell epito-
pes also increased the humoral immune responses, dampened
the regulatory T cell responses and decreased the expression of
PD-L1 in the antigen-presenting cells of animals with LCMV-
Cl13 infections. It is plausible that these effects synergistically
enhanced the CD8+ T cell responses. The increase in follicular
helper CD4+ T cells may lead to an increase in the secretion of
IL-21, a cytokine that is essential to sustain the virus-specific
CD8+ T cell responses during chronic infections.42,43 However,
the diminished number of regulatory CD4+ T cells may favor
the expansion of the exhausted CD8+ T cells.44 Moreover, a
downregulation of the expression of PD-L1 in APCs could
potentially attenuate the negative effects of the PD-1/PD-L1
pathway on exhausted CD8+ T cells.19,25 Nonetheless, the exact
mechanism by which the heterologous prime-boost strategy
elicited virus-specific CD4+ T cell responses that were specific
to a single epitope and profoundly improved the quantity and
functional quality of the exhausted CD8+ T cells awaits further
investigation.

Immunization of naive mice with a Listeria vector that
expressed the LCMV glycoprotein-specific I-Ab restricted
CD4+ T cell epitope GP61–80 and subsequent challenge with
LCMV-Cl13 resulted in generalized inflammation and multi-
organ system failure.31 Rapid and potent stimulation of a large
number of pre-existing memory Th1 cells by uncontrolled viral
replication may lead to this phenotype. Furthermore, the rapid
increase in the virus-specific CD4+ T cell responses appeared to
dampen both the virus-specific CD8+ T cell and B cell

responses,31 potentially through the effects of the innate cell-
secreted type I interferons that are stimulated by strong Th1
responses.45–48 In contrast, our heterologous prime-boost
therapeutic strategy elicited an increase in the virus-specific
CD4+ T cell response that was not as aberrant as that observed
when a primarily immunized host received challenges with
persistent viruses. These increased CD4+ T cells further
provided potent help to both the exhausted CD8+ T cells
and the virus-specific B cells as well as innate cells, which
probably synergistically improved the control of viral replica-
tion without overt immunopathology. The tight control of the
increased CD4+ T cell responses following the prime-boost
strategy may be largely attributed to the fact that this strategy
was designed to therapeutically treat hosts that were already
chronically infected, in which the virus-specific CD4+ T cells
were exhausted 49 and were therefore limited with respect to
the undergoing excessive proliferation after immunization.

Notably, the inclusion of an influenza virus vector that
expressed a CD8+ T cell epitope during the boost phase of our
immunization strategy did not seem to further enhance the
number or effector function of the virus-specific CD8+ T cells
or reduce the viral load. This phenotype may indicate that the
pre-existing pool of exhausted CD8+ T cells in the chronically
infected animals following the heterologous prime-boost
immunization with vectors expressing virus-specific CD4+ T
epitopes was sufficient to effectively control the viral loads.
Therapeutic vaccination with VSV that expressed the LCMV
GP33-specific CD8+ T cell epitope plus anti-PD-L1 blockade
could effectively control the viral load in LCMV-Cl13 infected
animals.25 Therefore, it was of great interest to investigate the
efficacy of combining a CD4+ T cell epitope-based

Figure 6 PD-L1 blockade improved the efficacy of the CD4+ T cell epitope-based heterologous prime-boost vaccination. (a) The setup of
the experiment. (b–d) Viral titers in the spleens (b), lungs (c) and livers (d) of the mice that received the various treatments. The data are
representative of three independent experiments and were analyzed using Mann–Whitney U-tests (b–d). The error bars denote the s.e.m.
**Po0.01.
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heterologous prime-boost therapeutic vaccination and a CD8+

T cell epitope boost with blockade of the PD-1/PD-L1 pathway.
However, it remains to be determined whether the inclusion of
a vector expressing a CD8+ T cell epitope at both the prime
and boost stages could be more efficient in controlling
viral loads.

The combination of blockade of the PD-L1/PD-1 pathway
and the LM-GP61/IAV-GP61 prime-boost immunization was
shown to reduce viral loads more effectively than the prime-
boost immunization alone. Recent studies have demonstrated
that a unique exhausted CD8+ T cell subset that expresses the
chemokine receptor CXCR5 is the main subset that responds to
a monoclonal antibody-mediated blockade of the PD-1/PD-L1
pathway.23,36 It will, therefore, be interesting to investigate
whether the combination of PD-L1/PD-1 blockade and the
LM-GP61/IAV-GP61 prime-boost immunization exerts its
effects mainly on CXCR5+CD8+ T cells to improve the control
of viral loads. In addition, IL-2 has been shown to synergize
with the PD-1/PD-L1 blockade to promote the response
of exhausted CD8+ T cells and substantially reduce the
viral loads.50 Therefore, it might be worthwhile to investigate
the efficacy of a combination of PD-L1/PD-1 blockade,
IL-2 administration and heterologous prime-boost immuniza-
tion with vectors that express virus-specific CD4+ T cell
epitopes.

In conclusion, we have developed a simple, safe and effective
immunization strategy that induced strong endogenous virus-
specific CD4+ T cell responses in chronically infected hosts.
This strategy subsequently rescued the exhausted virus-specific
CD8+ T cells to more efficiently control the viral loads. PD-1
blockade further improved this rescue. Therefore, a combina-
tion of the blockade of inhibitory pathways and a heterologous
prime-boost immunization that enhances the virus-specific
CD4+ T cell responses may represent a novel approach to
treating patients with chronic viral diseases.
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