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A B S T R A C T

Background: Memory CD8+ T cell responses play an essential role in protection against persistent infection. How-
ever, HIV-1 evades vaccine-inducedmemory CD8+ T cell response bymechanisms that are not fully understood.
Methods: We analyzed the temporal dynamics of CD8+ T cell recall activity and function during EcoHIV infec-
tion in a potent PD1-based vaccine immunized immunocompetent mice.
Findings: Upon intraperitoneal EcoHIV infection, high levels of HIV-1 GAG-specific CD8+ T lymphocytes recall
response reduced EcoHIV-infected cells significantly. However, this protective effect diminished quickly after
seven days, followed by a rapid reduction of GAG-specific CD8+ T cell number and activity, and viral persis-
tence. Mechanistically, EcoHIV activated dendritic cells (DCs) and myeloid cells. Myeloid cells were infected
and rapidly expanded, exhibiting elevated PD-L1/-L2 expression and T cell suppressive function before day 7,
and were resistant to CD8+ T cell-mediated apoptosis. Depletion of myeloid-derived suppressor cells (MDSCs)
reduced EcoHIV infection and boosted T cell responses.
Interpretation: This study provides an overview of the temporal interplay of persistent virus, DCs, MDSCs and
antigen-specific CD8+ T cells during acute infection. We identify MDSCs as critical gatekeepers that restrain
antiviral T cell memory responses, and highlight MDSCs as an important target for developing effective vac-
cines against chronic human infections.
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1. Introduction (7406)

Human immunodeficiency virus type one (HIV-1) is one of the
most devastating infectious agents existing worldwide for the past
37 years. There were approximately 25.7 million people living with
HIV at the end of 2018 with 1.1 million people becoming newly
infected in 2017 globally. The induction of protective T cell immunity
is a prerequisite for the durable control of HIV-1 [1,2]. However, host
immunosuppression is a hallmark of HIV-1 and other persistent viral
infections. Despite initial antiviral immune activity, persistent viruses
eventually evade host immune responses [1, 3] and induce expansion
of immune regulatory cells in the host that suppress antiviral T cell
immunity [4, 5], facilitating persistent chronic infection [6-8]. This
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Research in context

Evidence before this study

Host immunosuppression is a hallmark of HIV-1 and other per-
sistent viral infections. Persistent viruses evade host immune
responses and induce expansion of immune regulatory cells in
the host that suppress antiviral T cell immunity, facilitating per-
sistent chronic infection. The dynamic of the immunosuppres-
sive response and how this response affects memory T cell
recall responses and function driven by prior vaccination
remains largely unclear.

Added value of this study

This study provides an overview of the temporal interplay of a
persistent virus, DCs, MDSCs, and antigen-specific CD8+ T cells
during acute infection. We demonstrated that despite initial
high levels of viral-specific CD8+ T lymphocytes recall
response, persistent viruses evade host immune responses
through infection of MDSC, and induction of quick MDSC
expansion. MDSCs suppressed T cell function within 7 days
post infection and were resistant to CD8+ T cell-mediated apo-
ptosis. Depletion of MDSCs reduced infection and boosted T
cell function in vivo.

Implications of all the available evidence

MDSCs are critical gatekeepers that restrain antiviral T cell
memory responses and may serve as an important target
for developing effective vaccines against chronic human
infections.
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immunosuppression is also seen as a host adaptation that enables
long-term survival and coexistence with the pathogen, because indi-
viduals with genetic ablation of core immunosuppressors often die
after infection [9]. The dynamics of the immunosuppressive response
and how this host adaptation affects memory T cell recall responses
and function driven by prior vaccination remains largely unclear.
However, understanding these mechanisms will be critical for the
design of an effective vaccine or immunotherapy against HIV-1 and
other chronic diseases.

CD8+ T cells play a critical role in vaccine-mediated protection
against a number of viral and bacterial pathogens [10,11]. After vacci-
nation, naive CD8+ T cells are primed and undergo a rapid expansion
phase to generate large numbers of effector cells for pathogen elimi-
nation. Subsequently, a contraction period takes place in which most
effector cells are eliminated, leaving a small, long-lived memory cell
pool [12]. When individuals encounter the vaccine-related pathogen,
antigen-specific memory T cells can respond swiftly with robust pro-
liferation and upregulation of effector function. Analysis of cellular
requirements for generating a memory CD8+ T cell recall response
during acute viral infection has suggested a critical role for dendritic
cells (DCs) and CD4+ helper T cells. Activation of memory T cells in
response to systemic or localized infection is predominantly depen-
dent on DCs, and the number of responding memory CD8+ T cells is
profoundly decreased during the recall response to various acute
infections in DC-depleted mice [13]. However, the dependence of
CD8+ T cell recall response on CD4+ T cells remains controversial. In
some cases, CD4+ T cells assist proliferative CD8+ T cell recall
responses, whereas in other situations, CD4+ T cells appear to be dis-
pensable for the secondary response [14-16].

During chronic lentiviral infection, both CD4+ and CD8+ T cell
responses are suppressed by various mechanisms, and these cells
subsequently acquire an exhausted phenotype characterized by
upregulation of inhibitory molecules such as PD-1, Tim3 or vista, and
reduced production of effector molecules such as IFN-g , TNF, gran-
zymes, and perforin [5,8,17]. Myeloid-derived suppressor cells
(MDSCs) have recently emerged as a major suppressor of immune
responses in chronic infection and tumors [18-22]. MDSCs are imma-
ture myeloid cells that are induced and accumulated during persis-
tent viral infection [23,24], and suppress both innate and adaptive
immune responses through many mechanisms. For example, they
produce arginase 1 (ARG1), indoleamine 2,3-dioxygenase (IDO),
inducible nitric oxide synthase (NOS2), NADPH oxidase and immuno-
suppressive cytokines to suppress DC, CTLs and natural killer (NK)
cell function, deplete nutrients required by lymphocytes, which
causes proliferative arrest of antigen-activated T cells, and expands
CD4+ CD25+ FoxP3+ regulatory T cells (Tregs) [19,25-28].

We recently developed a potent sPD1-p24fc/EP DNA DC-targeting
vaccine, which consistently induces a high frequency of durable HIV-
1 GAG-specific CD8+ T lymphocytes [29]. Following vaccination, we
detected up to 21% of p24 tetramer-positive CD8+ T cells in the mouse
spleen, and these exhibited broad reactivity, polyfunctionality and
cytotoxicity. This model vaccine was subsequently employed to
achieve complete and long-lasting protection against lethal mesothe-
lioma challenge by CD8+ T cells in immunocompetent BALB/c mice
[18]. We have now utilized this vaccine to analyze the secondary T
cell immune response to a persistent lentivirus, and the correlation
of the recall responses in prevention and curing of persistent infec-
tion. We adopted the lentiviral model of EcoHIV, which establishes
persistent infection in immunocompetent BALB/c mice [30,31]. Con-
sidering that immunosuppression was typically observed during
chronic infection [20,24,32], we reasoned that efficient reactivation
of large numbers of memory CD8+ T cells with broad reactivity and
polyfunctionality might be sufficient to rapidly eliminate infected
cells before the induction of immunosuppressive cells, thus prevent-
ing persistent infection. However, our results indicated that despite
effective initial memory CD8+ T cell reactivation, there was a rapid
expansion of MDSCs within 7 days post-infection (dpi), which pro-
foundly subverted the memory CD8+ T cell response both in terms of
number and function at a very early stage of infection, resulted in
viral persistence.

2. Materials and methods

2.1. Mice and viruses

6- to 8-week- old female BALB/c (Charles River Laboratory), OT-I
(Rag1/2+/+) mice were maintained under specific-pathogen-free con-
ditions in the Laboratory Animal Unit. EcoHIV strains from David Vol-
sky of Columbia University were grown and quantified, as described
previously [30].

2.2. Mouse immunization and challenge

Construction of the DNA vaccines sPD1-p24fc and p24fc and the
immunization procedure were previously described [18,29]. Mice
received three DNA immunizations by intramuscular injection with
EP given every three weeks at a dose of 100 mg per mouse. After the
final immunization, the mice were challenged with EcoHIV via i.p.
route and subsequently sacrificed at 1, 2, 3, or 12 weeks, after which
sera and splenocytes were collected for analysis.

2.3. qPCR quantitation of proviral load

qPCR quantitation of total HIV DNA in EcoHIV-infected mice and
DNA standardization was conducted as previously described [33]
with forward primer 50-CCCTCAGATGCTGCATATAAGC-30, and reverse
primer 50�GCACTCAAGGCAAGCTTTATTG�30 for LTR. DNA content
was standardized by amplification of murine b globin with forward



L. Liu et al. / EBioMedicine 60 (2020) 103008 3
primer 50�GGTTTCCTTCCCCTGGCTAT�30 and reverse primer
50�CGCTTCCCCTTTCCTTCTG�30.
2.4. Evaluation of gag p24-specific t cell responses

Evaluation of IFNg�producing T cells were conducted by ELISpot
assay (Millipore) as previously described [18,29]. Briefly, splenocytes
were stimulated with 10 mg/mL of HIV-1 p24 peptide or peptide
pools in vitro (NIH, catalog no. 8117). The peptide pools were gener-
ated by dividing 59 GAG p24 peptides into three pools. Each pool
contains 19�20 peptides spanning amino acids 1�87 (pool 1),
77�167 (pool 2), and 157�231 (pool 3). The final concentration of
each peptide in three pools is 2 mg/ml. Peptide GAG A-I
(AMQMLKDTI) is specific to CD8+ T cells, whereas peptide GAG 26
(TSNPPIPVGDIYKRWIILGL) is specific to CD4+ T cells. Cells stimulated
with 500 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich) plus 1 mg/ml calcium ionomycin or left in media only served
as positive and negative controls, respectively. Cells were incubated
at 37 °C, and 5% CO2, for 20 h. ImmunoSpot analyzer (Thermo Fisher
Scientific) was used to detect the spots. Tetramer-positive CD8+ T
cells were detected using MHC class I tetramer H2d-Kd-AMQMLKDTI
(Beckman Coulter).
2.5. T cell proliferation assay

Splenocytes isolated from BALB/c mice were labeled with 1 mM
CFSE (Invitrogen) at 107 cells/ml in PBS for 10 min in a 37 °C water
bath, and cultured in the presence of HIV-1 GAG p24 peptide pools
(2 mg/ml), or with anti-CD28 (2 mg/ml) and anti-CD3 (0.1 mg/ml)
antibodies. Cells were collected after five days of coculture, and
stained with fluorochrome-conjugated antibodies. Data were
acquired using a FACSAria III flow cytometer (BD Biosciences), and
analyzed with FlowJo softwarev10 (TreeStar Inc.).
2.6. Antigen-presenting cell functional assays

Total DCs and CD8+ T cells were purified from the mice's spleens
by anti-CD11c+ microbeads (Biolegend) and immunomagnetic beads
(Invitrogen), respectively. Total DC and CD8+ T cell populations were
determined as >95% pure by flow cytometry. Purified DCs were cul-
tured with 105 CFSE-labeled CD8+ OT-I T cells at a ratio of 1:1 with or
without the presence of SIINFEKL peptide (GenScript) for 5 days, and
then were stained with fluorochrome-conjugated antibodies and
analyzed on a BD Aria III flow cytometer (BD Biosciences).
2.7. T cell suppression assay

Total MDSCs were enriched from the spleens of day 14 EcoHIV-
infected mice via MACS beads. The average purity of monocytic popu-
lations from three experiments was >90%. Myeloid cells were added
to 105 CFSE-labeled splenocytes from sPD1-p24fc/EP DNA vaccinated
and unchallenged mice, and cultured for 5 days with p24 peptide
pools or CD28/CD3 antibodies before evaluating proliferation.
2.8. MDSC isolation and culture

MDSCs were isolated from spleens of EcoHIV-infected BALB/c
mice using the Miltenyi Biotech MDSC Isolation Kit, according to the
manufacturer’s protocols. The purity of MDSCs was greater than 95%
as determined by flow cytometry. To assess CD8+ T cell-mediated
apoptosis, MDSCs and freshly isolated CD8+ T cells were co-cultured
at MDSC-to-CD8+ T cell ratios of 1:1, 1:2, and 1:5 in a 37 °C incubator
for 24 hrs before being subjected to analysis of active caspase-3.
2.9. Myeloid cell depletion in vivo

Mice immunized and infected with EcoHIV were given intraperi-
toneal injections of 100 mg of anti-Gr1 (RB6�8C5) or a rat IgG2b iso-
type control (LTF-2) (Bio X Cell), at 7, 9, and 11 dpi. Blood,
peritoneummacrophages and spleen were collected on day 14.

2.10. Double immunofluorescence staining on paraffin sections

The samples were de-paraffinized and rehydrated, as previously
described [34]. After 30 min blocking with normal goat serum at room
temperature, samples were incubated with primary antibody at 4 °C
overnight, followed by an Alexa448/568/647-conjugated secondary
antibody for 1 h at room temperature. primary antibodies used in this
study include: p24 (DAKO, M085701�1; 1/5 dilution); CD3 (DAKO,
A0452; 1:50 dilution); Gr1 (Abcam); F4/80 (Biolegend, 123,102; 1/50
dilution). To differentiate between individual cells, samples were incu-
bated with 1 mg/ml Hoechst 33,258 (Thermo Fisher Scientific) for
5 min at room temperature, followed by rinsing with water.

2.11. Confocal microscopy

A Carl Zeiss LSM 700 confocal microscope (Carl Zeiss, Oberkochen,
Germany) was used to perform Confocal microscopy. ZEN (Zeiss) was
used to assign colors, which were collected simultaneously: Alexa 568
(Thermo Fisher Scientific) and HNPP/Fast Red, which fluoresce red
when excited by a 568-nm laser; Alexa 488 (Thermo Fisher Scientific),
which fluoresces green when excited at 488 nm; Alexa 647 (Thermo
Fisher Scientific), which fluoresces cyan when excited at 647 nm; and
the differential interference contrast (DIC) image, which is in grayscale.

2.12. Statistical analysis

A two-tailed Student t-test was performed to determine statistical
significance between different groups. An additional test using the
Bonferroni-Holms method was performed when multiple compari-
sons being made. P-value of less than 0.05 was considered to be sta-
tistically significant. Data are presented as the mean values §
standard error (s.e.m.).

2.13. Study approval

All experimental procedures were approved by the University of
Hong Kong Committee on the Use of Live Animals in Teaching and
Research (CULATR 3638�15).

3. Results

3.1. EcoHIV established persistent infection and induced immune
suppression in immune competent mice

EcoHIV is a chimeric HIV strain that have been modified to infect
mice by replacing HIV env (1405 bp) with the coding region of the
ecotropic envelope gp80 of ecotropic murine leukemia virus (MLV) in
the backbone of HIV-1 clade B (Fig. 1a). All HIV-1 cis-regulatory ele-
ments were preserved, and expression of the entire construct was
driven by the HIV-1 LTR. It is capable to infect, replicate and persist in
macrophages and CD4+ T cells of infected mice [30,31], and has been
used in several HIV-1 vaccine and therapeutic studies [30,33,35,36].
To study if EcoHIV infection leads to an immunosuppressive environ-
ment, we injected a group of BALB/c mice with 400 ng p24 EcoHIV
intraperitoneally (i.p.), performed kinetic analysis of proviral load in
blood for up to 12 weeks, and measured expression of the inhibitory
molecules PD-1 and Tim3 on T cells, as well as numbers of Treg cells
and MDSCs in the lymph node or spleen at 12 weeks post infection
(wpi). Successful establishment of persistent infection was



Fig. 1. Persistent EcoHIV infection and immunosuppression in immunocompetent BALB/c mice. a. Schematic map of EcoHIV. HIV-1 env (1405 bp) was replaced by the coding
region of the ecotropic envelope gp80 of MLV. All HIV-1 cis-regulatory elements were preserved, and expression of the entire construct was driven by the HIV-1 LTR. b. Experimen-
tal schedule. Mice were inoculated once with EcoHIV, after which blood was collected every 7 to 14 days. Mice were sacrificed at 84 days post-infection (dpi). c. Viral burden in the
blood after EcoHIV infection. d. Comparison of viral burden in splenocytes (SPL) and peritoneal macrophages (Per) at 84 dpi. Viral burdens were determined by qPCR, with data nor-
malized based on cellular b-globin levels. e. Distribution of p24+ (red) cells in spleens at 84 dpi based on immunohistochemistry (IHC) in healthy control (left) and EcoHIV-infected
(right) mice. f. Similar levels of p24-specific CD8+ T cell responses were detected in the lymph node (LNs) and spleen (SPL) based on H2-Kd-GAG A-I tetramer staining. g. Percentage
of PD-1- (left) and Tim3- (right) expressing CD8+ T cells in the spleen at 84 dpi based on flow cytometry analysis. h. Percentage of regulatory CD4+ T cells (Treg) in lymph nodes
(left) and MDSC in spleen (right) were determined at 84 dpi by flow cytometry analysis. i. IHC shows T lymphopenia in EcoHIV-infected spleens compared to healthy controls at 84
dpi. Data represent three independent experiments with three mice per group and with error bars representing the SEM. A two-tailed Student t-test was used to determine statisti-
cal significance between different groups.
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consistently confirmed by the presence of provirus in PBMCs, mea-
sured every 1 or 2 weeks for 12 weeks (Fig. 1b and 1c). At week 12,
mice were sacrificed, and provirus copies were detectable in spleen
and peritoneal macrophages from all mice tested (Fig. 1d). Viral repli-
cation was determined by detection of viral protein p24 in spleens of
EcoHIV-infected mice by immunohistochemistry (IHC) staining using
an anti-p24 antibody (Fig. 1e). Persistent infection induced a p24-
specific CD8+ T cell response, and up to 1.06% and 1.53% of CD8+ T
cells in lymph nodes and spleens, respectively, were positive for H2-
Kd-GAG A-I tetramer binding (Fig. 1f and Fig. S1).

We then investigated whether EcoHIV induced immunosuppres-
sion at week 12 by measuring proportions of CD4+ and CD8+ T cells,
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Treg cells (CD4+CD25+Foxp3+) and MDSCs (CD11b+Gr-1+) and expres-
sion of PD-1 and Tim-3 on CD8+ T cells in mouse lymph nodes and
spleens. We did not observe significant decrease of frequencies of the
CD4+ or CD8+ T cells. However, EcoHIV infection led to up-regulation
of PD-1 and Tim-3 on CD8+ T cells (Fig. 1g), and expansion of MDSCs
in the spleen and Treg cells in the lymph nodes (Fig. 1h and Fig. S1).
Lymphoid architecture is integral to induction and maintenance of
immune responses, and EcoHIV infection resulted in slight splenic
disorganization at 12 wpi, with a higher proportion of F4/80+ myeloid
cells and a corresponding loss of T cells (Fig. 1i), consistent with pre-
vious reports of other chronic infection, such as lymphocytic chorio-
meningitis virus (LCMV) [24]. These results suggest that although
EcoHIV does not induce canonical immunosuppression as shown in
patients with AIDS with significant loss of CD4 T-cells, it establishes
persistent infection and induces immune suppression in chronically
infected mice.
Fig. 2. Prophylactic vaccination-mediated virus clearance was restrained by day 7. a. Ex
EcoHIV infection. Groups of BALB/c mice (n = 15 in each group) were vaccinated with 100 m
3, and 6, followed by intraperitoneal challenge with EcoHIV (400 ng p24) 6 weeks after the th
infection (wpi). b. HIV-1 p24-specific H2-Kd-GAG A-I-PE tetramer staining of CD8+ T cell p
p24-specific T cell ELISpot responses were determined using three non-overlapping peptide
by examining HIV LTR copy number per million cells by qPCR at 7 dp.i. e. Reduction of prov
presented as percentage compared to unimmunized mice data at 7 dp.i. f. Proviral load in the
cells as determined by qPCR at 14 and 21 dp.i. g. Reduction of proviral loads in the peritone
compared to unimmunized mice data at 14 and 21 dp.i. Data represent two independent exp
senting the SEM. *, P < 0.05; **, P < 0.01; ****, P< 0.0001. A two-tailed Student t-test and Bon
3.2. Prophylactic vaccination-mediated virus clearance was restrained
by day 7

After establishing the EcoHIV model, we aimed to study the role of
memory CD8+ T cell recall responses in prevention of persistent infec-
tion. For this purpose, we used the sPD1-p24fc/EP DNA vaccine [29].
This vaccine exploits the binding of PD-1 to ligands expressed on DCs
by fusing soluble PD-1 with HIV-1 GAG p24 antigen. In previous stud-
ies, this vaccine consistently elicited up to 21.2% of p24 tetramer-posi-
tive CD8+ T cells in the spleen, with broad reactivity, polyfunctionality
and cytotoxicity [29]. We also included a non-DC-targeting vaccine,
p24fc/EP, as a control. Using the same immunization schedule from
that work, we immunized groups of BALB/c mice (n = 5) with 100 mg
DNA intramuscularly via electroporation (EP) three times at 3-week
intervals (Fig. 2a). T cell responses to vaccination were measured at 2
weeks after the final vaccination. Subsequently, mice were challenged
perimental design used to investigate the efficacy of sPD1-p24fc/EP DNA in preventing
g sPD1-p24fc/EP or p24fc/EP DNA, or with PBS as a control, intramuscularly at weeks 0,
ird vaccination. Five animals from each group were sacrificed at 1, 2 and 3 weeks post-
opulations two weeks after final immunization and before EcoHIV challenge. c. HIV-1
pools. d. Proviral load in the spleen, peritoneal macrophages, and blood were evaluated
iral loads in the peritoneal macrophages (peritoneum) and spleen for vaccinated mice
spleen, peritoneal macrophages, and blood based on HIV LTR copy number per million
al macrophages (peritoneum) and spleen for vaccinated mice presented as percentage
eriments with three (b and c) or five mice (d, e, f, g) per group and with error bars repre-
ferroni-Holms method was used.
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i.p. with EcoHIV (400 ng p24/mouse) 6 weeks after the last vaccina-
tion. Proviral load were measured at 7, 14 and 21 dpi. We found that
for all groups of mice, levels of H2-Kd-GAG A-I tetramer+ CD8+ T cells
in the blood correlated with the potency of the functional CD8+ T cell
response elicited by the vaccine [18, 29]. sPD1-p24fc/EP vaccination
consistently elicited a strong antigen-specific CD8+ T cell response. Up
to 19.7% of CD8+ T cells in blood were positive for H2-Kd-GAG A-I tet-
ramer at 2 wpi (Fig. 2b). Three non-overlapping peptide pools span-
ning the entire p24 protein were also used to stimulate splenocytes of
three sacrificed mice from each group, and 200�1000 ELISpots per
106 splenocytes were detected with each of these pools in sPD1-
p24fc-vaccinated mice (Fig. 2c), indicating substantial breadth of the
elicited T cell response. In contrast, considerably fewer than 200 ELI-
Spots per 106 splenocytes were detected with each of these pools in
the control vaccine group (Fig. 2c).

After the EcoHIV challenge, proviruses were readily detected in
spleen, peritoneal macrophages and PBMC in all mice (Fig. 2d). In
p24fc-vaccinated mice, we observed a significant reduction of provi-
ral load in peritoneal macrophages at 7 dpi relative to controls, but
not in splenocytes or PBMCs (Fig, 2d). In contrast, there was ~80%
reduction of infected cells in the spleen and peritoneal macrophages
of sPD1-p24fc-vaccinated mice relative to controls at 7 dpi, demon-
strating the efficacy of sPD1-p24fc/EP in eliminating infected cells
(Fig. 2d and 2e). However, we saw no significant reduction in infected
cells in peripheral blood. Moreover, we were still able to detect a pro-
viral load in the weeks that followed, suggesting that vaccine-
induced CD8+ T cells failed to prevent the establishment of persistent
infection (Fig. 2f). It is critical to note that we observed less reduction
of proviral load in spleens and peritoneal macrophages from sPD1-
p24fc-vaccinated mice relative to controls at 14 and 21 dpi (Fig. 2f
and 2g), suggesting that accelerated elimination of infected cells by
vaccine-induced immunity was abrogated after 7 dpi.

3.3. EcoHIV subverted virus-specific T cell immunity by day 7

To better understand this abrogation, we performed a longitudi-
nal analysis of T cell responses. Virus-specific CD8+ T cells were mea-
sured by H2-Kd-GAG A-I tetramer staining of splenocytes at 7, 14
and 21 dpi [18, 29]. We found that high levels of CD8+ T cells were eli-
cited in the spleens of vaccinated mice after viral challenge, with
18.2�41.6% of CD8+ T cells positive for H2-Kd-GAG A-I tetramer at 7
dpi (Fig. 3a). In contrast, we observed less than 1% H2-Kd-GAG A-I
tetramer+ CD8+ T cells in control mice, suggesting that infection indu-
ces rapid expansion of vaccine-induced virus-specific CD8+ T cells
(Fig. S2). However, despite ongoing viral replication, we found a sig-
nificant decline in virus-specific CD8+ T cells in the spleens of vacci-
nated mice at 2 and 3 wpi, coinciding with impaired viral clearance.
~4.53�21.20% and 4.01�8.99% of CD8+ T cells in the spleens of vacci-
nated mice were positive for H2-Kd-GAG A-I tetramer at 14 and 21
dpi, respectively (Fig. 3a and Fig. S2), suggesting rapid suppression of
the virus-specific CD8+ T cell response after 7 dpi.

During chronic infection, virus-specific CD8+ T cells persist in a
nonfunctional exhausted state and become unresponsive to viral
antigens (1). These exhausted CD8+ T cells are characterized by the
expression of PD-1 and Tim3 and an inability to proliferate (1). To
understand the functional states of virus-specific T cells in EcoHIV-
infected mice, we analyzed PD-1 and Tim3 expression, as well as the
proliferative capacity of CD4+ and CD8+ T cells in response to ex vivo
antigen stimulation. We observed significantly elevated PD-1 and
Tim3 expression on CD4+ and CD8+ T cells in the spleens of vaccinated
mice at 2 and 3 wpi (Fig. 3b). Significantly increased PD-1 expression
was also observed on T cells that are critical for long-lasting protec-
tion against virus, CD8+ effector memory (Tem) and CD8+ central
memory T cells (Tcm) (Fig. 3c and Fig. S2). We next assessed the pro-
liferative capacity of the T cells. P24 peptide pools that gave a positive
cell-mediated immune response by ELISpot were used to stimulate
splenocytes in an ex vivo cytofluorimetric proliferation assay based
on CFSE staining [29]. To validate this assay and set a threshold for a
positive response, we analyzed splenocytes from vaccinated and
unchallenged mice stimulated with p24 peptide pools or anti-CD3/
CD28 antibodies. We found that T cells from all tested mice showed
proliferative responses to CD3/CD28 stimulation. However, only T
cells from vaccinated and unchallenged mice proliferated effectively
in response to the p24 peptide pools, whereas CD4+ and CD8+ T cells
from challenged mice failed to demonstrate proliferation response to
p24 peptide (Fig. 3d and 3e). We observed more than 80% inhibition
of antigen-specific CD4+ and CD8+ T cell proliferation at 7 dpi, demon-
strating the unresponsiveness of those T cells upon viral antigen re-
encounter within the first week (Fig. 3f). Moreover, we observed
increased levels of Treg cells in spleens of vaccinated mice at 2 and 3
wpi (Fig. 3g). These results suggest that despite an initially efficient T
cell recall response, virus-specific T cells become unresponsive to
viral antigens and nonfunctional within 7 days after viral challenge,
with a notable increase in Treg cell production.

3.4. Therapeutic vaccination fails to accelerate elimination of infected cells

In tumor-bearing mice, repeated sPD1-p24fc/EP DNA vaccination
produces an active immune state that prevents the emergence of
exhausted PD-1+ and Tim-3+ CD8+ T cells and Treg cells, leading to
therapeutic cure of pre-existing mesothelioma [18]. We hypothesized
that a similar repeated vaccination regimen of sPD1-p24fc/EP DNA
could boost virus-specific memory CD8+ T cell response in mice and
induce further clearance of infected cells. To test this hypothesis,
20 BALB/c mice were immunized intramuscularly three times: 10
animals with msPD1-p24fc/EP DNA, and 10 with PBS as a control
(Fig. 4a). The sPD1-p24fc DNA vaccine induced a strong virus-specific
CD8+ T cell response, with H2-Kd-GAG A-I tetramer+ CD8+ T cells rep-
resenting 5�14% of PBMCs (Fig. 4b). Subsequently, all 20 animals
were challenged i.p. with EcoHIV at a dose of 400 ng p24 at 6 weeks
after the last vaccination; five mice in each group (vaccine or PBS)
were subsequently immunized intramuscularly with 100 mg sPD1-
p24fc/EP DNA three times at 3-week intervals, starting at 1 dpi. We
sacrificed all mice at 12 wpi, with the exception of one control mouse
and two prophylactically vaccinated mice that died before week 12.
Vaccine efficacy was investigated by measuring the extent of EcoHIV
infection in splenocytes and peritoneal macrophages by qPCR. Virus-
specific T cell response was determined by H2-Kd-GAG A-I tetramer
staining of splenocytes at week 12. Consistent with previous results,
prophylactic vaccination significantly lowered proviral load in both
spleen and peritoneal macrophages (Fig. 4c). The proportion of H2-
Kd-GAG A-I tetramer+ CD8+ T cells was significantly higher in mice
that received both prophylactic and therapeutic vaccination than
mice that received prophylactic vaccination alone, suggesting that
therapeutic vaccination boosted virus-specific CD8+ T cell reactiva-
tion (Fig. 4d). However, we saw no further reduction of proviral load
in splenocytes or peritoneal macrophages in these mice (Fig. 4c), indi-
cating that these T cells very likely become exhausted soon after reac-
tivation, similar to the fate of reactivated virus-specific T cells
following viral challenge in the prophylactic vaccine group (Fig. 3).
We consistently observed high expression of Tim3 and PD-1 in CD8+

T cells in the spleens of both prophylactic-only and prophylactic plus
therapeutically vaccinated mice (Fig. 4e). Increased frequency of Treg
and MDSC was observed in all challenged mice (Fig. 4f and 4g). More-
over, repeated therapeutic vaccination elicited only low levels of
p24-specific CD8+ T cell response in unvaccinated and challenged
mice: only 1.87�3.08% of CD8+ T cells in their spleens were H2-Kd-
GAG A-I tetramer+ after the third vaccination (Fig. 4d). We conclude
that therapeutic vaccination can enhance virus-specific T cell reacti-
vation during early infection, but cannot prevent the rise of
exhausted PD-1+ and Tim-3+ CD8+ T or Treg cells, preventing effective
cure of EcoHIV infection.

http://www.pnas.org/content/107/33/14733
http://www.pnas.org/content/107/33/14733


Fig. 3. EcoHIV subverted virus-specific T cell immunity during acute infection. a. HIV-1 p24-specific H2-Kd-GAG A-I-PE tetramer staining of CD8+ T cell populations at 1, 2 and 3
wpi for vaccinated versus unvaccinated mice. b. Increasing numbers of CD4+ and CD8+ T cells express Tim-3 or PD-1 after EcoHIV challenge in BALB/c mice (n = 5). Two independent
experiments were performed. c. Increased expression level of PD1 on CD8+ Tem and Tcm in spleens at 2 wpi. d, e. Proliferation of (d) CD8+ and (e) CD4+ T cell subsets. Splenocytes
were labeled with CFSE and stimulated with p24 peptide pools or anti-CD3 and anti-CD28 antibodies for 5 days. Unstimulated cells were included as controls. CFSE signals were
detected by flow cytometry. f. Relative proliferation of CD4+ and CD8+ T cell subsets after peptide (top) or anti-CD3 (bottom) treatment. Data from three separate experiments were
normalized relative to data from splenocytes of vaccinated but non-virus-challenged mice, and are shown as mean § SEM. g. Increased frequencies of CD4+ Treg cells in the spleens
during the three weeks post-infection. Data represent mean § SEM. *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P<0.0001. A two-tailed Student t-test and Bonferroni-Holms method
was used.
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3.5. DCs are activated in ecohiv-infected mice and primed CD8+ T cell ex
vivo

DCs play a critical role in CD8+T cell priming and reactivation in
vivo [12,13]. To understand the cause of CD8+ T cell non-responsive-
ness to the therapeutic vaccine and decreased CD8+ T cell number
and function during EcoHIV infection, we performed a kinetic
analysis of various subpopulations of DCs over 3 weeks after i.p. inoc-
ulation of EcoHIV at a dose of 400 ng p24. By flow cytometry, we
identified multiple DC populations (Fig. S3), including the two major
murine splenic conventional DC (cDC) populations, CD8� and CD8+;
monocyte-derived DCs (Mo-DCs) that are recruited from blood
monocytes into lymphatic tissues during infection; and plasmacytoid
DCs (pDCs). These cDCs were identified from total non-lymphocytes



Fig. 4. Therapeutic vaccination failed to accelerate elimination of virus infected cells. a. Experimental design used to investigate the efficacy of sPD1-p24fc/EP DNA vaccine in
boosting memory CD8+ T cell reactivation and curing of EcoHIV infection. Two groups (n = 10 per group) of BALB/c mice were subjected to vaccination with DNA (Prop group) or
PBS intramuscularly at weeks 0, 3 and 6, followed by intraperitoneal challenge with EcoHIV (400 ng p24) 6 weeks after the third immunization. Five animals from each group were
subsequently subjected to DNA vaccination intramuscularly at 2 dpi and 3 and 6 wpi (Ther and P&T groups). All animals were sacrificed at 12 wpi. b. HIV-1 p24-specific H2-Kd-GAG
A-I-PE tetramer staining of CD8+ T cell populations 2 weeks after the final immunization. c. Proviral load in the spleen, peritoneal macrophages and blood were evaluated by examin-
ing HIV LTR copy number per million cells by qPCR. d. HIV-1 p24-specific H2-Kd-GAG A-I-PE tetramer staining of CD8+ T cell populations at 12 wpi for all four groups of mice. e-g.
Assessment of CD4+ and CD8+ T cells after viral challenge in BALB/c mice (n = 5) for (e) the expression of PD-1 (left) or Tim-3 (right), and frequencies of (f) CD4+ Treg and (g) MDSCs.
Data represent mean § SEM of two independent experiments with 3�5 mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P<0.0001. A two-tailed Student t-test and Bon-
ferroni-Holms method was used.
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by high expression of CD11c and lack of Ly6C. Mo-DCs were identi-
fied by high expression of CD11c, CD11b, and Ly6C. pDCs can be iden-
tified based on CD11clo, B220+, Ly6C+, and CD11b�. CD8+ DCs and Mo-
DCs cross-present antigens phagocytosed from the environment via
MHC class I, and are potent initiators of CD8+ T cell responses,
whereas CD8� DCs primarily initiate a Th2 cell response [37,38].
pDCs are the most potent type I interferon (IFN-I)-producing cells in
response to viral infection in humans and mice, and provide critical
resistance to infection by limiting viral spread and by activating mul-
tiple innate and adaptive immune cells [39].

We found that the overall proportion of DCs increased in the
spleen over the course of three weeks of infection, whilst CD4+ and
CD8+ T cells progressively decreased (Fig. 5a). Among the various DC
populations, the proportion of CD8+ cDCs and Mo-DCs increased by
about 50% during the first week of infection, but subsequently
decreased over the following weeks (Fig. 5b). CD8� DCs continually
increased over the 3-week period, nearly doubling in number
between week 1 and 2 (Fig. 5b). We then gauged DC activation based
on expression of costimulatory and inhibitory markers. We found
that all four DC subsets showed elevated expression of costimulatory
receptors CD80 and CD86, as well as the inhibitory receptors PD-L1
and PD-L2, compared to unchallenged mice (Fig. S4). These results
suggest expansion and activation of these DC subsets by EcoHIV. We
therefore conducted a longitudinal analysis of the stimulatory capac-
ity of DCs from EcoHIV-infected spleens. CD11c+ DCs isolated at 1, 2,
3, 5, 7, 14, or 21 dpi were cultured with ovalbumin (OVA)-specific
CD8+ cells from OT-I mice, those with transgenic inserts for mouse
Tcra-V2 and Tcrb-V5 genes designed to recognize ovalbumin resi-
dues, and the OVA-SIINFEKL peptide for 5 days. Our ex vivo data
showed that EcoHIV infection resulted in increased DC stimulatory
capacity at day 1, and these DCs remained functional in priming CD8
T cells ex vivo during the following weeks (Fig. 5c and 5d).

3.6. EcoHIV induces rapid expansion of MDSCs that inhibited T cells
proliferation

MDSCs have emerged as a major suppressor of immune response
in chronic infection and cancer [18,19,24]. To understand the rapidly
suppressed T cell response in EcoHIV-infected mice, we evaluated
myeloid cell populations over three weeks of infection. The propor-
tion of MDSCs, identified as Gr1+ and CD11b+ in Figure S3, increased
at day 7, reaching about 2-fold expansion relative to uninfected mice



Fig. 5. DCs in EcoHIV-infected mice remain functional in priming CD8+ T cells. a.
Changes in the percentages of DCs and T cells in the spleens during the three weeks
post-infection. b. DC subpopulations in the spleen were quantified during the three
weeks of EcoHIV infection (n = 3) by flow cytometry analysis. Data are representative
of two experiments with error bars representing the SEM. c, d. DCs in EcoHIV-infected
mice remained functional in priming CD8+ T cells. CFSE-labeled OT-I T cells were cul-
tured with CD11c+ DCs isolated over 3 weeks post-infection. Cultures were stimulated
with an OVA peptide SIINFEKL or no peptide as control. Proliferation was measured by
flow cytometry after 5 days of culture. Data represent three independent experiments
with five mice per group, and is shown in a histogram of one representative experi-
ment (c) or in data represented as a column graph with error bars representing the
SEM (d). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P<0.0001. A two-tailed Student t-
test and Bonferroni-Holms method was used.

Fig. 6. EcoHIV induces sustained MDSC expansion that inhibits T cell proliferation.
a, b. Increased percentage of spleen MDSCs (a) and individual myeloid cell subpopula-
tions (b) were determined by flow cytometry analysis during the 3 weeks post-infec-
tion in immunized mice (n = 3). c. MDSCs from EcoHIV-infected mice suppressed CD8+

T cell proliferation in a number-dependent fashion. Splenocytes from sPD1-p24fc/EP
DNA-vaccinated but unchallenged mice were cultured with Gr1+ cells from 14 dpi at
the indicated ratios and then stimulated with p24 peptide pools. Same number of sple-
nocytes from sPD1-p24fc/EP DNA-vaccinated but unchallenged mice were cultured
without Gr1+ cells or with Gr1+ cells from naïve mice in a 1:5 ratio were used as con-
trols. Proliferation was determined by CFSE signals from CD8+ T cell populations based
on flow cytometry. Data is shown in a column graph as mean § SEM. d. Proliferative
response of CD8+ T cells to p24 peptides was rescued after depletion of MDSCs. Total
splenocytes (SPL) and MDSC-depleted splenocytes (MDSC�) from vaccinated and Eco-
HIV-infected mice (n = 3) were labeled with CFSE and stimulated with p24 peptide
pools for 5 days. MDSC-depleted splenocytes from vaccinated and unchallenged mice
(n = 3) were included as controls. CFSE signals from CD8+ T cell populations were
detected by flow cytometry. Data is shown in a column graph as mean § SEM. Data
represent three independent experiments with five mice per group. *, P < 0.05; **, P <

0.01; ***, P < 0.001; ****, P<0.0001. A two-tailed Student t-test and Bonferroni-Holms
method was used.
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(Fig. 6a). These cells continued to increase, peaking at day 14 with
nearly 3-fold more MDSCs than in naïve mice. We then determined
the cellular composition of this population. Total MDSCs were subdi-
vided into three main populations: Gr1loLy6CloF4/
80+SSChi eosinophils, Gr1loLy6ChiF4/80+SSClo monocytic cells, and
Gr1hiLy6CintF4/80�SSCint neutrophilic cells (Fig. S4) [24]. The number
of neutrophilic cells substantially decreased during the first two
weeks of infection by about 10-fold before rebounding by week 3
(Fig. 6b). Both monocytes and eosinophils expanded during the first
two weeks of infection, peaking at day 14. Eosinophils subsequently
contracted to naïve levels by day 21, while monocyte numbers
remained high: nearly three-fold higher than naïve mice at day 21.
All three populations showed increased expression of inhibitory
receptors PD-L1 and PD-L2 after day 14 (Fig. S5a).

The increase in MDSCs during EcoHIV infection coincided with the
functional exhaustion of virus-specific CD8+ T cells (Fig. 3 and 6a),
raising the possibility that MDSCs suppress the EcoHIV-specific CD8+

T cell response. To assess whether these cells were immunosuppres-
sive, we co-cultured Gr1+ MDSCs isolated from EcoHIV-infected mice
with total splenocytes from vaccinated but unchallenged mice at dif-
ferent ratios ranging from 1:5 to 1:135, and stimulated them with
p24 peptide pools. Gr1+ MDSCs from naive mice were tested as a con-
trol. We found that Gr1+ MDSCs from EcoHIV-infected mice sup-
pressed CD8+ T cell proliferation in a cell number-dependent manner
(Fig. 6c and Fig. S5b). Naive control Gr1+ cells had no effect on T cell
proliferation, even at 1:5 ratio (Fig. SS5b). To further confirm that
MDSCs inhibit CD8+ T cell proliferation, we used an anti-Gr1 antibody
to deplete total MDSCs from splenocyte populations collected from
vaccinated and EcoHIV-challenged mice. After 7 days culture with
p24 peptide pools, the proliferative response of CD8+ T cells to p24
peptides was fully rescued in MDSC-depleted cultures (Fig. 6d), in
strong contrast to the non-responsiveness of CD8+ T cells cultured
with total splenocytes. Therefore, we conclude that EcoHIV induces
rapid expansion of MDSCs that inhibit CD8+ T cell proliferation within
the first week of infection.

3.7. MDSCs are infected and resistant to CD8+ T cell-induced apoptosis

To characterize the infected cells that escape from vaccine-
induced CTL killing, we measured the phenotype of p24+ cells in the
spleen at 2 and 3 wpi by flow cytometry. Besides a small population
of p24+ CD4+ T cells, by 2 wpi more than 80% of p24+cells in the
spleens were CD11b+Gr1+ MDSCs (Fig. S6a). At week 3, there was a
significant decline of p24+CD4+ T cells in the spleen, but not p24+Gr1+

cells (Fig. 7a). We then determined the cellular composition of
p24+MDSCs by subdividing the MDSCs into monocytes, neutrophils,
and eosinophils (as defined above) over the course of three weeks.
We found that both p24+monocytic and neutrophilic cell populations
expanded during the first two weeks of infection (Fig. 7b and Fig.
S6b). Expansion of neutrophilic cells peaked at day 14 and remained
high at day 21, while monocytic cells continued to increase at day 21,
reaching ~3-fold expansion relative to day 14 (Fig. 7b), suggesting
enrichment of EcoHIV-infected monocytic cells. Consistently with
this hypothesis, IHC staining showed that almost all p24+ cells in the
spleen were Gr1+ at 12 wpi (Fig. 7c), suggesting that infected MDSCs
likely represent a cell type that escapes host immunity.

We have previously reported that sPD1-p24fc elicited functional
antigen-specific CD8+ T cells can eliminate MDSCs through apoptosis
in a malignant mesothelioma mouse model [18,40]. We therefore
compared the interaction between vaccine-induced CD8+ T cells and



Fig. 7. Myeloid cells are infected and resistant to CD8+ T cells-induced apoptosis. a. p24+ spleen cells were analyzed at 2 and 3 wpi by flow cytometry. Counts are shown from
two experiments (n = 5), with mean § SEM. P24+ cells included CD4+ T cells and MDSCs (Gr1+CD11b+). *P < 0.05. b. p24+ spleen myeloid cell subpopulations during the 3 weeks
post-infection (n = 3) were analyzed by flow cytometry and are shown as mean § SEM. Uninfected mice stained with anti-p24 antibody served as control. c. Staining of EcoHIV-
infected spleen using antibodies against p24 protein (TRITC; red), CD3 (FITC; green), Gr1 (Alexa-647, yellow), and DAPI (Blue) at 12 wpi. d. Apoptosis of MDSCs from malignant
mesothelioma and EcoHIV-infected mice was measured based on expression of caspase-3 after co-culturing with CD8+ T cells from vaccinated mice for 24 hrs. Data is shown in a col-
umn graph as mean § SEM. e. MDSCs do not induce significant apoptosis of CD8+ T cells, with data shown as in a column graph as mean § SEM. Data represent three independent
experiments with five mice per group. *, P< 0.05; **, P < 0.01; ***, P < 0.001; ****, P<0.0001. A two-tailed Student t-test and Bonferroni-Holms method was used.
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MDSCs derived either from EcoHIV-infected mice at day 14 or MDSCs
from the malignant mesothelioma model. Virus-specific CD8+ T cells
from vaccinated and unchallenged mice were co-cultured with
MDSCs from either EcoHIV-infected mice or malignant mesothelioma
mice for analysis of active caspase-3 via flow cytometry as described
previously [18, 40]. Consistent with previous findings, virus-specific
CD8+ T cells caused apoptosis in MDSCs from both mouse models in a
cell number-dependent manner (Fig. 7d). However, compared with
MDSCs from the cancer model, GAG-specific CD8+ T cells caused sig-
nificantly less apoptosis of co-cultured MDSCs from EcoHIV-infected
mice (Fig. 7d). In the same experiment, the coculture did not result in
significant levels of apoptosis in CD8+ T cells (Fig. 7e). These data pro-
vide evidence that MDSCs from EcoHIV-infected mice are relatively
resistant to CTL-mediated apoptosis, which might contribute to viral
evasion from vaccine protection.

3.8. Antibody depletion of mdsc enhances clearance of eohiv-infected
cells in vivo

To test whether depletion of MDSCs will enhance clearance of
EcoHIV-infected cells in vivo through direct depletion of infected
myeloid cells and boost of T cell function, we monitored the abun-
dance of Gr1+ cells in the blood of three naïve mice for 5 days after a
single injection of 100 ug anti-Gr1 as previously described [24]
(Fig. S7). Treatment with anti-Gr1 significantly reduced the
abundance of Gr1+ myeloid cells to less than 1% in the blood after
1 day, and there was no significant increase in Gr1+ cells in the blood
after 5 days of treatment (Fig. S7a and 7b). It was previously reported
that anti-Gr1 does not completely deplete Gr1+ cells. A small popula-
tion with the antibody on the surface will remain for more than
4 days, and will not be detected by fluorophore-conjugated RB6�8C5
(Ly6C/G) and 1A8 (anti-Ly6G) antibody staining [24]. Therefore, we
measured total blood myeloid cells with an antibody against CD11b.
We found that treatment with anti-Gr1 reduced total myeloid cells
by more than 80% after 1 day, from ~35% to < 7%. Abundance of mye-
loid cells did not increase significantly at day 2 and 3, and by day 5,
increased to ~10% in treated mice (Fig. S7a and 7c).

We next immunized groups of BALB/c mice (n = 5) with 100 mg
sPD1-p24fc DNA intramuscularly via EP three times at 3-week inter-
vals (Fig. 8a). Subsequently, mice were challenged intraperitoneally
with EcoHIV (400 ng p24/mouse) at 6 weeks after the last vaccina-
tion. 100 mg of anti-Gr1 or control antibody (rat IgG2b) was given on
days 7, 9, and 11. At day 1 after the 1st antibody injection, we found
reduction of total CD11b+ and Gr1+ myeloid cells by around 70% and
more than 99% in the blood (Fig. 8b). Significant reduction of DCs sub-
populations that express Ly6c, Mo-DC and pDC, was also observed
(Fig. 8c). At 14 dpi, mice were sacrificed, and frequency of MDSCs and
DCs and provirus copies were tested in blood, spleen and peritoneal
macrophages from all mice. In the blood, we found significant reduc-
tion of MDSC and Mo-DC in depleted mice (Fig. 8d). Moreover,



Fig. 8. Antibody depletion of myeloid cells enhances clearance of EcoHIV-infected cells in vivo. a. Experimental schedule. Two groups of BALB/c mice (n = 5/group) were vacci-
nated with 100 mg sPD1-p24fc/EP DNA intramuscularly at weeks 0, 3, and 6, followed by intraperitoneal challenge with EcoHIV (400 ng p24) at 6 weeks after the third vaccination.
Mice were then treated with 100 mg of anti-Gr1 or control antibody at 7, 9 and 11 dpi, and sacrificed at 14 dpi. b. The percentage of CD11b+ myeloid cells and Gr1+ cells in blood at
day 1 after anti-Gr1 treatment. c. The percentage of CD11C+ total DCs, Mo-DCs and pDCs in blood at day 1 after anti-Gr1 treatment. d. The percentage of MDSCs and Mo-DCs in blood
at day 7 after anti-Gr1 treatment. e. The percentage of p24+ CD11b+ myeloid cells, Gr1+ cells CD11C+ total DCs, and cDCs in blood at day 7 after anti-Gr1 treatment. f. Proviral load in
the peritoneal macrophages and splenocytes were evaluated by examining HIV LTR copy number per million cells by qPCR. g. The percentage of PD1+ CD8+ Tem in blood at day 7
after anti-Gr1 treatment. Columns represent the mean values of experiment with 5 mice per group, with error bars representing the SEM. Data represent two independent experi-
ments with five mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P<0.0001. A two-tailed Student t-test and Bonferroni-Holms method was used. h. Strong positive corre-
lation between percentage of PD1+ CD8+ Tem and p24+ MDSC (left) and CD11b+ myeloid cells in blood at day 7 after anti-Gr1 treatment. Liner regression was used.
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depleted mice have lower frequency of p24+ blood MDSC, and a
~600-fold reduction of proviral loads in peritoneum macrophages
(Fig. 8e and 8f). These results suggest that depletion of MDSC
enhanced clearance of EcoHIV infected cells. The number of p24+

cDC, a population that do not express ly6c, were also significantly
reduced in the blood of depleted mice (Fig. 8e), suggesting an
enhanced clearance of viral infection by host immunity. Further anal-
ysis revealed that expression level of PD-1 on CD8+ Tem in blood was
significantly decreased in these mice (Fig. 8g), suggesting a boost of T
cell function. Moreover, statistical analysis showed that expression of
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PD1 on blood Tem is positively correlated with frequency of p24+

MDSC and CD11b+ myeloid cells (Fig. 8h). In the spleen, only Mo-DC
were significantly reduced in anti-Gr1 treated mice (Fig. S8A). More-
over, depleted mice tended to have an increase in interferon g-pro-
ducing p24-specific T cells (Fig. S8b, 8c and 8d), reduced proviral
loads in the spleen (Fig. 8f). However, these differences were not sta-
tistically significant, suggesting a limited effect of anti-Gr1 antibody
on depletion of MDSCs and reduction of EcoHIV infection there. Our
data suggest that by reducing the numbers of ly6c+cells, we were
able to enhance elimination of infected cells in vivo, and likely
boosted CD8+ T cell function to clear infected ly6c negative cells.

4. Discussion

Here we have identified an unexpected role of myeloid cells in
facilitating viral evasion of memory CD8+ T cell response at very early
stage of viral infection. We present an extensive analysis of innate
cell activation and memory CD8+ T cell response following virus chal-
lenge of vaccinated, immunocompetent BALB/c mice. Our results
indicate that EcoHIV activates DCs and myeloid cells during the first
week of infection, and initiates both effective CD8+ T cell priming in
naïve mice and recall of memory T cells response and effector func-
tion in vaccinated mice. However, myeloid cells serve as shelters to
provide a mechanism for the virus to escape CTL-mediated apoptosis,
and infection led to rapid expansion and accumulation of myeloid
cells with T cell-suppressive function, resulting in diminished virus-
specific CD8+ T cell numbers and function, and reduced vaccine-
mediated virus clearance within 7 dpi. These data provide not only a
detailed picture of DC, myeloid cell, and memory CD8+ T cell reactiva-
tion in response to persistent viral infection, but also new insight into
the mechanisms that underlie lentiviral evasion of vaccine-induced T
cell immunity to establish persistent infection.

Thus far, it has remained unclear when and to what extent persis-
tent infection suppresses CD8+ memory T cell reactivation during
recall response. Data are currently only available regarding the role
of MDSCs in suppressing CD8+ T cell function during primary infec-
tion [20,24,32]. We recently developed a sPD1-p24fc/EP DNA DC-tar-
geting vaccine, which induces a strong and durable HIV-1 GAG-
specific CD8+ T lymphocyte response, with broad reactivity, polyfunc-
tionality and cytotoxicity [29]. We have now utilized this model vac-
cine to investigate its potential to confer complete protection against
persistent lentiviral infection. We have analyzed the secondary T cell
immune response to EcoHIV, a persistent lentivirus that induces
immunosuppression during infection, and the role of the recall
responses in preventing persistent infection. We found that after Eco-
HIV challenge, there was robust proliferation of antigen-specific CD8+

T cells, which reduced the number of virus-infected cells in spleen
and Peritoneum macrophages before day 7. However, EcoHIV also
infected MDSCs, which are resistant to CD8+ T cell-mediated killing,
while also inducing a rapid expansion of this cell population (Fig. 6
and Fig. 7). The expanded MDSCs profoundly subverted the memory
CD8+ T cell response in terms of both number and function at a very
early stage of infection, resulting in persistent viral infection. Our
data have revealed the time-course of this process, and the important
role of myeloid cells in subverting memory recall responses to virus
and thereby facilitating viral persistence. We did not observe signifi-
cant reduction of proviral load in PBMC in sPD1-p24fc vaccinated and
challenged mice, which might be due to the higher frequency of
MDSCs in the blood compared to spleen (Fig. 8b and Fig. 1h), and the
resistance of infected MDSC to CD8+ T cell-mediated killing.

Our description of the expansion of Gr1+ myeloid cells following
EcoHIV challenge in vaccinated mice is similar to the phenomenon
observed in chronic LCMV [24,41]. Previous studies using models of
acute and chronic LCMV infection, the ARM and C13 strains [42,43],
respectively, induced accumulation of Ly6Chi monocytes and Gr1hi

neutrophils in lymphoid organs and blood during the first three
days [24]. However, the expansion of myeloid cells was only
enhanced and sustained over time after peaking at 14 dpi in persis-
tent C13 virus infection, but not in the ARM strain [24]. In our study,
accumulation of MDSCs in vaccinated and EcoHIV-challenged mice
started before 7 dpi and likewise peaked at 14 dpi. In C13 infection,
both DCs and myeloid cells are capable of stimulating T cell prolifera-
tion during the first few days of infection, and CD11b+ myeloid cells
only begin actively suppressing the priming of T cells at 14 dpi
[44,45]. But in EcoHIV-infected mice, only DCs are functional in T cell
priming (Fig. 5). Myeloid cells from EcoHIV-infected mice were not
able to stimulate T cell proliferation before 7 dpi (data not shown).
Instead, Gr1+ cells suppressed memory CD8+ T cells proliferation dur-
ing this time period in vaccinated and EcoHIV-challenged mice
(Fig. 6), suggesting earlier induction of MDSCs during secondary
response. This might be because memory T cells response employ dif-
ferent mechanisms from those involved in the priming of naïve T
cells. It is also possible that a robust memory CD8+ T cell response
during the first few days of EcoHIV infection accelerated MDSC induc-
tion. Consistent with this, it has previously been reported that inter-
feron g produced by effector T cells upon recognition of viral
antigens can induce iNOS production in monocytic cells, which in
turn inhibits T cell function [46]. Interestingly, there is a slight recov-
ery of CD4+ T cell proliferation at 3 wpi, coincide with the slightly
drop of MDSC frequency (Fig. 3).

Of note, persistent LCMV infection has been linked to increased
susceptibility of DCs and myeloid derived cells to infection [47,48].
Their faster replication in DCs and myeloid cells outpaces the ability
of the adaptive immune response to contain the infection, while also
driving excessive immune activation, and inducing MDSC expansion
[43,48]. MDSCs repress T cell function, and consequently hinder viral
clearance [46]. Although the frequency of EcoHIV infected cells is
lower in mice overall, it also infects DCs and myeloid cells (Fig. 6 and
Fig. 8), and induces MDSC expansion. Unlike C13-infected mice, in
which the majority of MDSCs are neutrophils, EcoHIV induced ly6chi

monocytic myeloid cell expansion, with continuous reduction of
Gr1hi neutrophils. Further investigation revealed that both mono-
cytes and neutrophils are infected. However, MDSCs from EcoHIV-
infected mice were more resistant to CTL-mediated apoptosis com-
pared to MDSCs from our malignant mesothelioma model (Fig. 7), in
which most MDSCs are Gr1hi MDSCs [18], suggesting that EcoHIV
induced monocytes might be more resistant to CTL-mediated apopto-
sis, while infected neutrophils were eliminated by virus-specific CD8+

T cells.
Similarly, induction of myeloid cells expansion was demonstrated

in blood of SIV infected macaques after two weeks of virus inocula-
tion [32]. Expansion of MDSC in blood of HIV patients have also been
observed in recent years [49]. However, infection of MDSCs during
HIV/SIV infection has not been reported. Moreover, the impact of
MDSC on HIV vaccine strategies, in particular on HIV therapeutic vac-
cine remains unknown. Our data suggests that MDSCs was induced
and suppressed T cell recall response as early as 7 dpi in vaccinated
and EcoHIV-challenged mice. In EcoHIV-challenged naïve mice,
repeated therapeutic vaccination elicited only low levels of p24-spe-
cific CD8+ T cell response (Fig. 4d). It is unclear whether EcoHIV infec-
tion suppressed CD8+ T cell priming by therapeutic vaccination, or
first immunization-primed, antigen-specific CD8+ T cells quickly
became exhausted in infected mice. Testing earlier timepoints post
vaccination would reveal whether these T cells quickly became
exhausted or were never elicited. The role of MDSCs on antiviral T
cell memory recall responses in HIV vaccine clinical trial or macaque
model of SIV/SHIV infection might be important to investigate for
developing effective vaccines.

We depleted myeloid cells during EcoHIV infection using an anti-
body (RB6�8C5) that recognizes Gr1. Gr1 is a marker predominantly
expressed by MDSCs, and has been used in many studies to deplete
neutrophils, monocytes, and MDSCs [24,50]. We tested the dose of
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antibody delivery that could reduce MDSCs in the blood by > 90%
(Fig. S7), and subsequently used the same dose and regimen of anti-
body to deplete MDSCs in vaccinated and infected mice. We found
significant decrease of total myeloid cells, MDSCs and ly6c+ pDCs and
Mo-DCs at day 1 after antibody injection. Moreover, the loss of mye-
loid cells and pDCs correlated with decreased PD1 expression on
CD8+ Tem cells, and significantly lowered frequency of p24+ cells and
proviral load in peritoneal macrophages (Fig. 8). Surprisingly, we did
not observe a significant impact on proviral loads in the spleen. The
failure to reduce provirus in spleen significantly may be due to multi-
ple factors. Although myeloid cells are infected by EcoHIV, the fre-
quency of these cells in the spleen is relatively low (Fig. 1), and were
not effectively depleted (Fig. S8). Moreover, they are but one of many
cell types infected by EcoHIV at 2 wpi, including DCs (Fig. 8) and
CD4+ T cells (Fig. 7). We did not observe a significant increase in
memory CD8+ T cell response, which is likely because MDSCs are just
one of several factors involved in the suppression of T cell responses
during chronic infection. Other factors, such as Treg cells, and PD1-
PDL1 pathway, IL-10, and TGF-b, might suppress T cell response in
MDSCs depleted mice. Moreover, Mo-DCs and pDCs also express
ly6c, and were depleted by anti-Gr1 antibody. The depletion of Mo-
DCs and pDC might compromise the T cell response in vivo. In sum-
mary, we demonstrated that depletion of MDSC can enhance viral
clearance in vaccinated mice. We believe that strategies that counter-
act the effects of MDSCs during acute infection could be highly valu-
able for the development of effective vaccines against chronic human
infections like HIV and other persistent virus.
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