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Abbreviations: Ad5, adenovirus type 5; AIDS, Acquired Immune Deficiency Syndrome; BCA, bicinchoninic acid
assay; BSA, bovine serum albumin; CFSE, carboxyfluorescein diacetate succinimidyl ester; DCs, dentritic cells; DMSO,
dimethyl sulfoxide; EGFP, enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; ELISPOT,
enzyme-linked immunosorbent spot; FBS, fetal bovine serum; HA, hemagglutinin protein; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; HIV, Human immunodeficiency virus; HRP, horseradish peroxidase; ICS, intracellular cytokine
staining; IFN-v, interferon gamma; PBMCs, peripheral blood mononuclear cells; PBS, phosphate buffered saline; NBT/BCIP,
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate; PD-L1, programmed cell death 1 ligand 1; rAd5, recombinant
adenovirus type 5; RLU, relative light units; RPMI, Roswell Park Memorial Institute; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; SEAP, secreted alkaline phosphatase; SEB, staphylococcus enterotoxin B; SFC, spot-forming
cells; SIV, simian immunodeficiency virus; sPD-1, soluble programmed death 1; sTim-3, soluble T-cell immunoglobulin and mucin
domain 3; TNF-a, tumor necrosis factor alpha; vp, viral particles.

The development of an effective T cell based HIV vaccine would need to elicit cell mediated immune responses with
superior magnitude, breadth, and quality. Since blocking the interactions between inhibitory receptors with their asso-
ciated ligands using soluble PD-1 (sPD-1) and soluble Tim-3 (sTim-3) have been shown to reverse T cell exhaustion and
enhance cell mediated immune responses, we tested if co-administration of sPD-1 and sTim-3 with an adenovirus vec-
tored SIV vaccine (rAd5-SIV) can enhance cell mediated immune responses. The frequency of SIV antigen specific IFN-y
spot-forming cells and the secretion of IFN-y and TNF-a by splenocytes from rAd5-SIV immunized mice were significantly
increased when stimulated ex vivo with SIV peptides in the presence of sPD-1 or sTim-3 or both sPD-1 and sTim-3. The
magnitude of cell mediated immune responses elicited by rAd5-SIV was enhanced by co-administration of sPD-1 and
sTim-3. Co-administration of both sPD-1 and sTim-3 induced higher frequency of SIV antigen specific IFN-y* spot-forming
cells to poorly immunogenic Vif and Tat. The percentage of cell mediated responses for each SIV antigen became more
balanced, with reduction to Gag but induction to non-structural proteins. Furthermore, co-injection of rAd5-sPD1 and
rAd5-sTim3 with rAd5-SIV in mice enhanced T cell proliferation capability and generated more antigen specific IFN-y*
CD4*and CD8* T cells. Our study provided a new approach to enhance vaccine induced cell mediated immune responses,
which may be applicable to improve the efficacy of vaccines against SIV/HIV.

Introduction _ ) . o ' '
immune responses against multiple antigens in immunized mice.?

However, immune responses induced by some antigens, especially

After 30 y of extensive research, a safe and effective HIV vac-
cine, which is believed to be the ultimate solution for the con-
trol of HIV/AIDS epidemic, has so far been elusive. Increasing
evidence has suggested that HIV-specific CD8* T cells play an
important role in the suppression of viral replication.! Previously,
we developed an SIV vaccine comprising of the nine viral anti-
gens derived from SIVmac239 which could elicit cell mediated

the evolutionally more conserved nonstructural proteins, were very
weak probably due to antigenic competition and the intrinsic poor
immunogenicity of these viral proteins. The elevation of immune
responses to evolutionally more conserved nonstructural proteins
may improve the vaccine efficacy and minimize the chance of
escape of the virus under immune pressure. Therefore, novel
adjuvants are needed to boost the magnitude and quality of cell
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Figure 1. For figure legend, see page 3.

Blocking co-inhibitory pathways has been exploited for devel-
oping novel vaccines and therapeutic modalities against cancers

mediated immune responses to target antigens including sub-
dominant antigens or epitopes for the development of an effective

SIV/HIV vaccine that contains multiple antigens. and infectious diseases.*'® Among these, programmed death 1
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(PD-1) and T-cell immunoglobulin and mucin domain 3 (Tim-
3), are dominantly expressed on the surface of activated Thl
T cells, CD8*T cells and other leukocytes.!"'? Cross-linking of
PD-1 by its ligands, PD-L1 and PD-L2, can lead to the downreg-
ulation of T-cell responses by mediating programmed cell death
and inhibiting cell proliferation.” It has been demonstrated in
mice that the interaction of Tim-3 with its ligand, galectin-9,
promotes the death of IFN-y producing Thl cells and nega-
tively regulates Thl cell mediated immune responses."* PD-1
and Tim-3 play a role in inhibiting T cell activation and main-
taining peripheral tolerance,'>" and can result in exhaustion
of antigen-specific Thl cells and CTLs in patients with cancer
and chronic infections.'?' The continued antigen stimulation
during chronic infections induces high level expression of PD-1
on CD4* and CD8* T cells, which plays a major role in the T
cell exhaustion, characterized by the loss of cytotoxicity and
cytokines production." The expression of Tim-3 on T helper 1
(Th1) and CD8* T cells is associated with dysfunction of these
cells and disease progression.”? On the other hand, blockade of
these inhibitory pathways with antibodies such as anti-PD-1 or
anti-PD-L1 or anti-Tim-3 have been shown to restore the func-
tions of the exhausted antigen-specific CD8* T cells*** and vac-
cine-induced multi-functional CD8* T cells.?** Blocking both
PD-1 and Tim-3 pathways have been reported to synergistically
restore the functions of exhausted T cells and result in better
control of tumor growth and viral infections.”**” In addition
to antibodies, soluble PD-1 (sPD-1) and soluble Tim-3 (sTim-
3), which can block the interactions between inhibitory recep-
tors (PD-1 and Tim-3) and their respective ligands (PD-L and
Galectin-9), have also attracted interests as molecular adjuvants
for vaccines and immunotherapeutics. Incubation of PBMCs
from SIV-infected rhesus macaques with SIV peptide pools and
sPD-1 has been shown to enhance the proliferation capacity of
SIV-specific CD4* and CD8* T cells.?® sPD-1 has been shown to
enhance tumor-specific CD8* T cell responses elicited by DNA
or adenovirus-vector vaccines.” Blockade of the Tim-3 pathway
via sTim-3 has also been reported to enhance the proliferation of
HIV-specific CD4* and CD8* T cells from patients.”> However,
these two soluble proteins have not yet evaluated as potential
molecular adjuvants in the context of an SIV vaccine.

In this study, we evaluated the effects of sPD-1 and sTim-3
on cell mediated immune responses induced by recombinant
adenoviruses vectored SIV vaccine (rAd5-SIV) that consists of
all SIV proteins, including structural proteins (Gag, Pol, Env)
and non-structural proteins (Nef, Vif, Vpx, Vpr, Rev, and Tat).
Recombinant adenoviruses expressing sPD-1 and sTim-3 were
generated and used in combination with rAd5-SIV. Our study
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Figure 2. Expression of sPD-1 and sTim-3 mediated by rAd5-sPD1 and
rAd5-sTim3. (A) Schematic presentation of rAd5-sPD1 and rAd5-sTim3
carrying genes encoding sPD-1 and sTim-3. The coding sequences of
sPD-1 and sTim-3 contain the signal sequence and the extracellular
domain of PD-1 and Tim-3 protein. The coding sequences of sPD-1 and
sTim-3 were cloned into the E1 region of adenoviral vector to obtain
recombinant adenoviruses rAd5-sPD1 and rAd5-sTim3 respectively. (B)
Expression of sPD-1 and sTim-3 proteins by rAd5-sPD1 and rAd5-sTim3.
Vero cells were infected with rAd5-sPD1, rAd5-sTim3, or rAd5-empty
respectively. At 48 h post-infection, the culture media were subjected
to SDS-PAGE followed by western blot analysis using rabbit antibodies
specific for sPD-1 and sTim-3.

provided insights in the design of new molecular adjuvants that
may facilitate the development of an effective HIV/AIDS vaccine.

Results

sPD-1 and sTim-3 increased the frequency and secretion of
SIV antigen specific IFN-y and TNF-a producing cells ex vivo

Cell mediated immune responses can be assessed by using a
variety of methods. In this study, we applied cytokine enzyme-
linked immunospot (ELISPOT) assay, intracellular cytokine
staining of CD4* and CD8* T cells, T-cell proliferation assays,
and quantification of cytokines associated with cell mediated

Figure 1 (See opposite page). Effects of sSPD-1 and sTim-3 on the frequency of IFN-y spot-forming cells and secretion of IFN-y and TNF-« of splenocytes
from immunized mice ex vivo. (A, B, C, and D). Enhancement of Gag, Pol, Env, and Vif antigen specific IFN-y spot-forming cells by sPD-1 and sTim-3.
Splenocytes were isolated from C57BL/6 mice immunized with the rAd5-SIV and cultured with SIV Gag, Pol, Eny, and Vif peptide pools respectively in
the presence or absence of sPD-1 or sTim-3, or both sPD-1 and sTim-3. Twenty-four hours later, splenocytes were harvested and subjected to an IFN-vy
ELISPOT assay. (E and F). Enhancement of IFN-y and TNF-a secretion by sPD-1 and sTim-3. Splenocytes were stimulated with SIV peptides in the pres-
ence or absence of sPD-1 or sTim-3, or both sPD-1 and sTim-3. Twenty-four hours later, the culture media were measured for the secretion of IFN-y and
TNF-a using ELISA assays. BSA (bovine serum albumin), HA (influenza virus hemagglutinin), and anti-HA Ab (an anti-HA monoclonal antibody) were used
as non-related protein controls (the concentration of BSA, HA, and anti-HA Ab in culture media was 16.g/ml). PBS (phosphate-buffered saline) was used
as a background control. The data were analyzed by two-way ANOVA. The bars represent the standard errors. *P < 0.05;**P < 0.01; ***P < 0.001. The figure
is the representation of the data obtained from two independent experiments.
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Table 1. Immunization regimen and the frequency of SIV antigen specific IFN-y spot-forming cells

vectors carrying genes encoding

- Spot-forming cells for |  Spot-forming cells for sPD-1 and sTim-3 respectively.

Group Immunization Dosage?® . . .
structural antigens non-structural antigens To assess if rAd5-sPD1 and rAd5-
1 rAd5-empty 1.0% 100 vp 53424 21+5 sTim3 could mediate expression of
5 Ad5SIV 05 % 107 vp 342438 I sP.D—l and sTim-3 in cells 1nfe.cted
with rAd5-sPD1 and rAd5-sTim3,
3 rAd5-SIV + 0.5x10%vp 106872 >4 we first infected 5 x 10° Vero cells
rAd5-sPD1 0.25x 10" vp with 5 x 10 viral particles of rAd5-
4 rAd5-SIV + 0.5x 10 vp 564+ 31 542 sPDI and rAd5-sTim3 respectively.
Ad5<Tim3 025 % 10°vp At 48 h a.fter infection, the cell cul-
ture media were collected for analy-
5 rAd5-SIV + 0.5x 10" vp 1801 £ 64 175+£18 sis. SDS-PAGE followed by western
rAd5-sPD1 + 0.25x 10" vp blot analysis using rabbit antibod-
rAdS-sTim3 025x10"vp ies to PD-1 and Tim-3 respectively

rAd5 vectors at 1 x 10'° viral particles (vp) final dose were used to immunized mice. rAd5-empty was used
to make up the final dose (0.5 x 10" vp for group 2 and 0.25 x 10" vp for groups 3 and 4).

immune response. The frequency of IFN-y-producing cells has
been the most widely used parameter to assess vaccine-induced
cell mediated immune responses. TNF-a is another cytokine
capable of mediating the killing of a variety of infections.?® To
assess if sSPD-1 and sTim-3 could block their corresponding inhib-
itory pathways and exert any effect on cell mediated immune
response elicited by an experimental SIV vaccine generated in
our lab, we first measured the frequency of SIV antigen specific
IFN-vy producing cells and the secretion levels of IFN-y and
TNF-a by splenocytes isolated from the mice immunized with
an experimental SIV vaccine rAd5-SIV. Splenocytes were stimu-
lated with either STV peptides alone or with SIV peptides in com-
bination with sPD-1 or sTim-3 or both sPD-1 and sTim-3. The
IFN-y ELISPOT assay showed that the frequency of SIV anti-
gen specific IFN-y secreting cells was significantly higher when
splenocytes were cultured with SIV peptides, including Gag, Pol,
Env, and Vif respectively, in the presence of sPD-1 or sTim-3
(Fig. 1A-D), as compared with splenocytes cultured with SIV
peptides alone or with non-relevant soluble proteins such as BSA,
HA protein, and an anti-HA monoclonal antibody. Combination
of sPD-1 and sTim-3 further increased the frequency of SIV anti-
gen specific IFN-y secreting cells (Fig. 1A-D). In addition to
assessing the frequency of SIV antigen specific IFN-y spot-form-
ing cells, we also quantified the secretion of IFN-y and TNF-a
by these splenocytes. ELISA analysis showed that production
of IFN-y and TNF-a were significantly higher in splenocytes
treated with SIV peptides in the presence of sPD-1 or sT'im-3
or both sPD-1 and sTim-3. Splenocytes treated with SIV pep-
tides alone or with non-relevant proteins BSA, HA, and anti-HA
monoclonal antibody had similar levels of production of IFN-y
and TNF-a (Fig. 1E and F). Taken together, these results indi-
cated that sPD-1 and sTim-3 could block their respective inhibi-
tory pathways and enhance cell mediated immune responses in
splenocytes from mice immunized with an experimental STV
vaccine, upon re-stimulation with SIV antigen ex vivo.

Expression of sPD-1 and sTim-3 mediated by adenoviral
vectors in vitro and in vivo

To enable sPD-1 and sTim-3 to be co-delivered with rAd5-
SIV vaccine in mice, we first generated recombinant adenoviral
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confirmed the expression of sPD-1
and sTim-3 proteins (Fig. 2). Using
ELISA assays, we detected there are
458ng sPD-1 and 531ng sTim-3 in the culture media. We next
confirmed that the intramuscular injection of rAd5-sPD1 and
rAd5-sTim3 can result in expression of sPD-1 and sTim-3 in
mice. Using ELISA assay, we were able to detect the presence of
~2.2 ng/ml sPD-1 in the mouse sera at 3 d after injection with
5 x 10° vp of rAd5-sPD1. However, we were not able to detect
a consistent result of sTim-3 level in the mouse sera due to the
limitation of the Tim-3 ELISA kit. We were not able to detect
the presence of sPD-1 and sTim-3 in the sera of mouse injected
with rAd5-empty. These results demonstrated that recombinant
adenoviral vectors rAd5-sPD1 and rAd5-sTim3 can mediate the
expression of sPD-1 and sTim-3 in vitro and in vivo and thus can
be used for co-administration with rAd5-SIV in mice.
Co-administration of sPD-1 and sTim-3 with SIV vaccine
in mice potentiated the magnitude of cell mediated immune
responses and broadened the spectrum of antigen recognition
To evaluate if sPD-1 and sTim-3 could exert any potential adju-
vant effect on rAd5-SIV vaccine in vivo, we immunized C57BL/6
mice with either rAd5-SIV alone or rAd5-SIV co-administered
with rAd5-sPD1 or rAd5-sTim3, or both rAd5-sPD1 and rAd5-
sTim3 (Table 1). Splenocytes were isolated from each group at
2 wk after immunization and subjected to an IFN-y ELISPOT
assay. rAd5-sPD1 significantly increased the frequency of IFN-y
spot-forming cells to Gag, Pol, and Env (Fig. 3A). rAd5-sTim3
significantly increased the frequency of IFN-vy spot-forming cells
to Gag but the effect on Pol and Env were minimal. The combi-
nation of sPD-1 and sTim-3 significantly increased the frequency
of IFN-vy spot-forming cells to Gag, Pol, and Env (Fig. 3A). It
is of interesting to note that combination of sPD-1 and sTim-3
significantly boosted the frequency of IFN-y spot-forming cells
to nonstructural proteins Vif and Tat, which was negligible when
the mice were immunized with rAd5-SIV alone (Fig. 3B). If
all SIV structural and non-structural proteins were taken into
account as a whole SIV antigen, sPD-1 significantly increased
the frequency of IFN-y spot-forming cells (Fig. 3C). sTim-3 only
slightly increased the frequency of IFN-vy spot-forming cells. The
most significant enhancement effect was observed when both
rAd5-sPD1 and rAd5-sTim3 were co-administered with rAd5-
SIV vaccine (Fig. 3C). In contrast, immunization of rAd5-SIV
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Figure 3. Effects of sPD-1 and sTim-3 on the frequency of IFN-y spot-forming cells and the percentage of responses to each antigen in mice immunized
with rAd5-SIV vaccine. (A) The frequency of IFN-y spot-forming cells specific for SIV structural proteins Gag, Pol, and Env. (B) The frequency of IFN-y spot-
forming cells specific for SIV non-structural proteins Nef, Vpx, Vpr, Vif, Rev, and Tat, respectively (C) The frequency of IFN-y spot-forming cells specific
for all SIV antigens. (D) The percentage of IFN-y spot-forming cells specific for structural antigens Gag, Pol, Env, and nonstructural antigens (N3VRT: Nef,
Vpx, Vpr, Vif, Rev, and Tat) were shown in a pie chart. C57BL/6 mice were immunized with either rAd5-SIV alone or rAd5-SIV co-administered with rAd5-
sPD1 or rAd5-sTim3, or rAd5-SIV co-administered with both rAd5-sPD1 and rAd5-sTim3. At 2 wk after immunization, splenocytes were harvested and
cultured with SIV peptides for each antigen and subjected to an IFN-y ELISPOT assay. The data were analyzed by two-way ANOVA. The bars represent
the standard errors. *P < 0.05; **P < 0.01; ***P < 0.001. The data is the representation of two independent experiments.

in combination with rAd5 vectors expressing non-relevant pro-
teins, rAd5-EGFP (enhanced green fluorescence protein) or rAd5-
HA (influenza hemagglutinin), did not change the frequency of
IFN-vy spot-forming cells to SIV peptide pools (Fig. S1). In addi-
tion to increasing the frequency of IFN-y spot-forming cells to
SIV antigens, the co-administration of sPD-1 or both sPD-1 and
sTim-3 with the SIV vaccine significantly changed the percentage
of IFN-y spot-forming cells that are specific for each SIV anti-
gens, resulting in a more balanced and broader antigen spectrum
(Fig. 3D; Table 1). Compared with immunization of rAd5-SIV
alone, the percentage of IFN-7y spot-forming cells that are specific
for Gag, reduced from 69.5% among the total responses to all
SIV proteins to 41.8% when rAd5-SIV was co-administered with
both rAd5-sPD1 and rAd5-sTim3 (P < 0.001). Compared with

728 Human Vaccines & Immunotherapeutics

immunization of rAd5-SIV alone, the percentage of Env-specific
and Pol-specific IFN-y spot-forming cells were elevated from 16%
to 26.6% and from 14% to 22.8% (P < 0.001) respectively with
the co-administration of both rAd5-sPD1 and rAd5-sTim3. The
most striking observation was the percentage of IFN-vy spot-form-
ing cells for SIV non-structural proteins, which increased from
0.6% to 8.9% among the responses to all STV proteins when rAd5-
SIV was co-administered with both rAd5-sPD1 and rAd5-sTim3.
Co-administration of rAd5-SIV vaccine with rAd5-sTim3 could
also achieved the similar results but to a less extend. This result
indicated that sPD-1 and sTim-3, especially when used in combi-
nation, could enable rAd5-SIV to elicit higher magnitude of cell
mediated immune responses with more balanced and broader anti-
gen spectrum in a vaccine that is composed of multiple antigens.
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Figure 4. Effects of sPD-1 and sTim-3 on CD4* and CD8* T cells from mice immunized with rAd5-SIV vaccine in producing IFN-y and proliferation capa-
bility upon stimulation with SIV antigen peptides. (A) The percentage of antigen specific IFN-y* CD4* T cells in total CD4* T cells. (B) The percentage of
antigen specific IFN-y* CD8* T cells in total CD8* T cells. (C) The percentage of antigen specific proliferating CD4* T cells. (D) The percentage of antigen
specific proliferating CD8* T cells. C57BL/6 mice were immunized with either rAd5-SIV alone or rAd5-SIV co-administered with rAd5-sPD1 or rAd5-sTim3,
or rAd5-SIV co-administered with both rAd5-sPD1 and rAd5-sTim3. At 2 wk after immunization, splenocytes were harvested and cultured with SIV Gag
peptides. A flow cytometry assay based on intracellular cytokine staining was used to quantify Gag-specific IFN-y secreting CD4* and CD8* T cells. The
percentage of proliferating cells was determined by the ratio of the CFSE-low cells to the total CD4* T cells or total CD8* T cells respectively. The data is

the representation of two independent experiments.

The enhanced cell mediated immune response against the more
conserved SIV non-structural proteins may provide a unique
advantage to control SIV viral infection and replication.

Co-administration of sPD-1 and sTim-3 with SIV vaccine in
mice increased the number of IFN-y* CD4* and IFN-y* CD8*
T cells and enhanced T cell proliferation capability

To further investigate whether CD4* and CD8* T cell subsets
were affected by co-administration of sPD-1 and sTim-3 with
rAd5-SIV vaccine, splenocytes were harvested from mice received

www.landesbioscience.com

different immunization regimens (Table 1). Splenocytes were
cultured and stimulated with SIV Gag peptides and subjected
to flow cytometry analysis for intracellular IFN-y secretion in
CD4* and CD8* T cell subsets. Compared with immunization
with rAd5-SIV alone, the percentages of Gag-specific IFN-v*
CD8* T cells were significantly higher in mice immunized with
rAd5-SIV co-administered with rAd5-sPD1 or rAd5-sTim3, or
both rAd5-sPD1 and rAd5-sTim3 (Fig. 4B). Gag-specific IFN-

v CD4* T cells were also increased but the magnitude is much
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lower (Fig. 4A). These results demonstrated that co-adminis-
tration of sPD-1 and sTim-3 with an experimental SIV vaccine
could enhance the quality of T cells in producing IFN-vy, espe-
cially CD8* T cells in responding to antigen stimulation. We next
evaluated if sPD-1 and sTim-3 can affect the proliferation capa-
bility of antigen specific T cells using a CESE-based T cell pro-
liferation assay. Splenocytes from each immunization regimens
(Table 1) were harvested and stimulated with SIV antigen Gag
peptides. The proliferation capability of STV Gag-specific CD4*
and CD8* T cells were significantly elevated when mice were
immunized with rAd5-SIV in combination with rAd5-sPD1, or
rAd5-sTim3 or both rAd5-sPD1 and rAd5-sTim3 (Fig. 4C and
D). However, we did not observe a significant additive or syn-
ergistic effect with the combination of both sPD-1 and sTim-3.
Taken together, these results suggested that co-administration of
sPD-1 and sTim-3 with an SIV vaccine could enhance the qual-
ity of T cell responses in responding to antigen re-stimulation,

especially CD8* T cells.

Discussion

In this study, we demonstrated that two potential molecular
adjuvants, sPD-1 and sTim-3, could significantly enhance SIV
specific cell mediated immune responses elicited by an adenovi-
rus vectored SIV vaccine that contains all SIV antigens.

The high mutation nature of HIV presents a formidable
challenge to current HIV/AIDS vaccine development. Vaccines
comprising multiple viral antigens are thought to provide bet-
ter benefits for controlling viral infection and replication.*?-%4
Although the incorporation of multiple antigens has been con-
sidered as a strategy to provide broader spectrum of antigen rec-
ognition and to minimize viral escape in the design of HIV/SIV
vaccines,? the immune responses to the sub-dominant antigens
or epitopes are usually poor due to antigenic competition and the
intrinsic nature of these antigens throughout evolution.*3¢ The
development of novel molecular adjuvants to enhance cell medi-
ated immune responses to sub-dominant antigens or epitopes is a
logical solution to this problem. It is also desirable to elevate the
magnitude and improve the quality of T cell responses to every
antigen.

We showed that blockade of PD-1 and Tim-3 pathways could
enhance the magnitude and improve the quality of cell mediated
immune responses to SIV antigens. Importantly, combination of
sPD-1 and sTim-3 greatly improved immune responses against
SIV non-structural antigens Vif and Tat. The cellular immune
response to Gag decreased from a dominating 69.5% to 41.8%,
while the response to SIV non-structural proteins increased from
0.6% to 8.9% among the total responses to all SIV proteins. Pol-
specific and Env-specific responses also increased from 14% and
16% to 22.8% and 26.6% respectively. The quantity and qual-
ity of antigen specific T cells were enhanced. These results sug-
gested that sPD-1 and sTim-3 could potentiate multiple antigen
SIV vaccine to generate cellular immune responses with greater
magnitude and broader antigen spectrum. Previously, Onlamoon
et al. reported that incubation of PBMCs from SIV-infected rhe-
sus monkeys with SIV peptide pools plus sPD-1 enhanced the
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proliferation capacity of SIV-specific CD4* and CD8* T cells.?®
The result we obtained using an experimental SIV vaccine fur-
ther extend that finding. sTim-3 has also been shown to enhance
the proliferation of HIV-specific CD4* and CD8* T cells.”!
Several studies have demonstrated that the therapeutic effects of
a combined blockade of the PD-1 and Tim-3 pathways in tumor-
bearing and chronically-infected patients."**>*"3"3% However,
only a few studies evaluated the effects of sPD-1 and sTim-3 on
immune responses elicited by a vaccine.?*** It is of interesting
to note that another soluble Tim-3 molecule that lacks the mucin
domain was shown to impair T cell responses and facilitate the
growth of tumors in mice.”’ Consistent with our finding, an
sTim-3 containing the IgV portion and the mucin domain, could
inhibit the interaction of Tim-3 with its ligands and enhanced
cytokine secretion of HIV-specific T cells in humans.? Future
studies will be needed to clarify if the mucin domain has any roles
in the function of sTim-3. In this study, we demonstrated that
co-administration of sPD-1 or sT'im-3 or both could significantly
augment the frequency of antigen specific IFN-y-producing cells
ex vivo (Fig. 1A-D), and induce significantly higher magnitude
of cell mediated immune responses in vivo (Fig. 3C).

We believed that the usage of sSPD-1 and sTim-3 as molecular
adjuvants for SIV/HIV vaccines possess advantages over anti-
PD-1 and anti-Tim-3 neutralizing antibodies in the context of
designing a vaccine. The coding sequences of sPD-1 and sTim-3
are known and are available for further studies. The produc-
tion of sPD-1 and sTim-3 proteins or construction of plasmid
DNA or viral vectors is relative simple and cost-effective com-
pared with generation and production of monoclonal neutraliz-
ing antibodies. Tim-3 is expressed on the exhausting T cells at
the later stage compared with PD-1.% Co-expression of differ-
ent inhibitory receptors including PD-1 and Tim-3 is correlated
with more severe T cell exhaustion in HIV infected patients.?!
Therefore, combination of sPD-1 and sTim-3 could block the
inhibitory pathway at different exhausting stage, and thus may
act additively or synergistically to improve the efficacy of a T cell
immunity based vaccine, in particular, in the context of HIV
vaccine, which has not been able to achieve any promising results
in every modality so far. One possible concern associated with
the use of sPD-1 and sTim-3 is that they may increase the risk of
developing certain autoimmune diseases, given the critical role
of PD-1 and Tim-3 receptor played in maintaining tolerance of
immune cells.”” However, the effect of sPD-1 and sTim-3 when
co-administered with a vaccine upon immunization is transient
and thus the adverse effects, if any, is likely to be limited.

In summary, we demonstrated that blockade of the PD-1 and
Tim-3 pathways with sPD-1 and sTim-3 could improve cell medi-
ated immune responses elicited by an experimental SIV vaccine in
mice. Our work provided a new strategy to generate SIV-specific
cell mediated immune responses with broader antigen spectrum
and greater magnitude. sPD-1 and sTim-3 and their combination
have the potential to be used as molecular adjuvants in the design
of new HIV/SIV vaccines. This strategy warrants further tests
in rhesus macaque models to evaluate the potency of sPD-1 and
sTim-3, especially their combination as molecular adjuvants for
prophylactic and therapeutic vaccines against SIV infection.
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Materials and Methods

Replication-defective recombinant adenoviral vectors

The El1, E3-deleted recombinant adenovirus serotype 5 (rAd5)
is used as the vector to deliver target antigens and proteins. rAd5-
Gag, rAd5-Pol, rAd5-Env, and rAd5-N3VRT, carrying genes
encoding SIV structural proteins (Gag, Pol, Env) and non-struc-
tural proteins as a fusion protein N3VRT (Nef, Vpx, Vpr, Vif,
Rev, and Tat), were generated previously in our lab.? rAd5-SIV
is referred to as an experimental SIV vaccine that contains all
SIV antigens with the equal mixture of rAd5-Gag, rAd5-Pol,
rAd5-Env, and rAd5-N3VRT. rAd5-empty is an adenovirus car-
rying no gene insert and is used as a vector control. rAd5-EGFP
and rAd5-HA carrying the genes encoding Enhanced Green
Florescence Protein (EGFP) and influenza virus hemaggluti-
nin protein (HA) respectively were used as non-relevant protein
controls. The rAd5 vectors carrying murine sPD-1 (amino acids
1-169) and sTim-3 (amino acids 1-191) cDNAs were generated
according to the methods described previously.”* In brief, genes
encoding sPD-1 and sTim-3 were synthesized and sub-cloned
into the shuttle vector pGAl respectively. pGA1-sPD1 and
pGA1-sTim3 were subjected to homologous recombination with
the linearized Ad5 backbone (deletion of the E1 and E3 genes)
in Escherichia coli B]5183, respectively. The pAd5 plasmids were
amplified in Escherichia coli XL-Blue and prepared with Qiagen
Plasmid Midi kit (Qiagen, 12145) according to the manufac-
ture’s protocol. pAd5-sPD1 and pAd5-sTim3 were then linear-
ized and transfected into HEK-293 cells to produce respective
recombinant adenovirus. To confirm the expression of sPD-1 and
sTim-3, Vero cells were infected with purified rAd5-sPD1, rAd5-
sTim3, and rAd5-empty respectively. The cell culture media
were harvested at 48 h post-infection. The expression of sPD-1
and sTim-3 in the cell culture supernatant was further analyzed
by SDS-PAGE and western blot by using polyclonal rabbit anti-
mouse PD-1 (Sino Biological Inc., 50124-RP02) and anti-mouse
Tim-3 (Abcam, ab47069) antibodies, respectively.

Animals and immunization strategies

Female C57BL/6 mice at 6 to 8 wk old were used and housed
at the Experimental Animal Care Center of the Guangzhou
Institutes of Biomedicine and Health (GIBH). All animal pro-
cedures were performed according to the GIBH Institutional
Animal Care and Use Committee (IACUC).

The mice were divided into 5 groups with 5 mice in each
group (Table 1). Group 1 received intramuscular injection of
rAd5-empty vector as control. Group 2 received rAd5-SIV vac-
cine that includes four adenovirus vectors encoding SIV Gag,
Pol, Env, and N3VRT, respectively. Group 3 received the rAd5-
SIV vaccine in combination with rAd5-sPD1. Group 4 received
the rAd5-SIV vaccine in combination with rAd5-sTim3. Group
5 received the rAd5-SIV vaccine plus the rAd5-sPD1 and rAd5-
sTim3. rAd5-empty were supplemented to group 2 to 4, to a total
dose of 1 x 10" viral particles in 100l volume. Half of each dose
was injected into quadriceps femoris intramuscularly (i.m.) on
the hind legs. Five mice from each group were sacrificed at 2 wk
after immunization. Splenocytes were harvested and subjected to
subsequent analysis.

www.landesbioscience.com

IFN-v enzyme-linked immunospot (ELISPOT) assay

To test the cell mediated immune response to rAd5-SIV vac-
cine, IFN-y ELISPOT assays were performed according to the
protocol as previously described.>** Briefly, 96-well microti-
ter plates containing Immobilon-P membrane (Millipore,
MSIPS4510) were coated with monoclonal anti-mouse ITFN-vy
antibodies (BD PharMingen, 551216) and incubated at 4 °C
for overnight. The plates were blocked with RPMI medium
1640 (Gibco, 11875-093) containing 0.05 mM 2-mercapto-
ethanol, 1 mM sodium pyruvate, 2 mM L-glutamine (Gibco,
25030-081), 10 mM HEPES (Gibco, 15630-080), and 10%
fetal bovine serum (FBS, HyClone, SH30070) at 37 °C for 2 h.
Splenocytes isolated from animals at 2 wk after immunization
with rAd5-SIV were seeded into 96-well plates at 1 x 10° per
well. The SIVmac239 antigen peptide pool was added into plates
at a final concentration of 2 pg/ml of each peptide to stimulate
splenocytes. The SIVmac239 peptide pools contained 15 amino
acid peptides (each was overlapped by 11 amino acids), and were
gifted from the NIH AIDS Research and Reference Reagent
Program. The overlapped SIVmac239 peptides covered the com-
plete amino acid sequences of Gag, Pol, Env, Nef, Vpr, Vpx, Vif,
Rev, Tat. Dimethyl sulfoxide (DMSO, Sigma, D2650) was used
as the mock stimulation. To test the effects of sSPD-1 and sTim-3
on the secretion of cytokines ex vivo, splenocytes were cultured
in the presence or absence of purified sPD-1 and/or sTim-3 at
32 pg/ml. Three non-relevant soluble proteins, BSA (Millipore,
126576), HA protein, and an anti-HA monoclonal antibody*®
were used as controls. The expression of IFN-y was detected with
the biotinylated polyclonal anti-mouse IFN-y (BD PharMingen,
551506) and NBT/BCIP reagent (Pierce, 34042) at 24 h after
incubation with peptide or DMSO. Finally, the spots were
counted with an ELISPOT reader (Bioreader 4000; BIOSYS),
and the results were reported as the frequency of spot-forming
cells (SFC) per million splenocytes.

Enzyme-linked immunosorbent assay

To test the effects of sPD-1 and sTim-3 on the secretion of
cytokines ex vivo, ELISA assay was used to measure the level of
IFN-vy, TNF-a in splenocytes culture supernatant. Briefly, sple-
nocytes isolated from animals at 2 wk after immunization with
rAd5-SIV were seeded into 96-well plates at 1 x 10° per well and
stimulated with the Env peptide pool at 2 wg/ml in the pres-
ence or absence of purified sPD-1 and/or sTim-3 at 32 wg/ml.
Three non-relevant soluble proteins, BSA (Millipore, 126576),
HA protein, and an anti-HA monoclonal antibody were used as
controls. The cell culture media were harvested at 24 h later. The
levels of IFN-y, TNF-a in the supernatant were measured by
using the mouse ELISA kits (Dakewe Biotech, IFN-y, DKW12-
2000-096; TNF-a, DKW12-2720-096). Results were analyzed
at OD450 using a Synergy HT multimode plate reader (BioTek
Instruments, Inc.).

Intracellular cytokine staining and flow cytometry

To specify and quantify the cytokine producing antigen-
specific T cells, multicolor flow cytometry was performed to
analyze the intracellular cytokine staining (ICS) as previously
described.**% Briefly, freshly isolated splenocytes were seeded
into 96-well plates (2 x 10° cells/well) and supplemented with
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either SIV-specific peptide pools (2 pg/ml of each peptide) or
DMSO. Brefeldin A (BD Biosciences, 555029) was added to
inhibit the cytokine secretion after 1 h’s incubation at 37 °C.
Splenocytes were further incubated at 37 °C for 16 h and pro-
ceeded with surface and intracellular staining by using monoclo-
nal antibodies as followings: anti-CD3-PerCP (BD PharMingen,
553067), anti-CD4-FITC (eBioscience, 11-0041-82), anti-
CD8-APC (eBioscience, 17-0081-82), and anti-IFN-y-PE (BD
PharMingen, 554412). The samples were analyzed with a BD
Accuri™ C6 (BD Biosciences).

CFSE T lymphocyte proliferation assay

To determine the proliferation activity of T cells from animals
that were treated with different immunization strategies, CFSE
T cell proliferation assay was performed to monitor the dividing
cells ex vivo. Briefly, freshly isolated splenocytes were suspended
with PBS containing 0.1% FBS at 1 x 10° cells/ml and treated
with carboxyfluorescein diacetate succinimidyl ester (CFSE,
Molecular Probes, C1157) at 0.25 mM at 37 °C for 10 min. Cells
were incubated with ice-cold complete RPMI medium for 5 min
to stop the cellular uptake of CFSE. Cells were immediately
treated with medium that contained SIV-specific peptide pool
(2 pg/ml of each peptide) for 6 d. Finally, cells were stained with
anti-CD3-PerCP (BD PharMingen, 553067), anti-CD4-APC
(BD PharMingen, 553051) and anti-CD8-PE (BD PharMingen,
553032) and analyzed with a BD Accuri™C6.

Purification and analysis of sPD-1 and sTim-3 proteins

To obtain sPD-1 and sTim-3 proteins, the coding sequences
were inserted into pcDNA4 plasmids. 293T cells were trans-
fected with pcDNA4-sPD1 or pcDNA4-sTim3 to express soluble
PD-1 or Tim-3 containing a His-tag at the C-terminal. Culture
media were concentrated through ultrafiltration and purified
using nickel-affinity column chromatography. Quantification of
total protein was performed using the bicinchoninic acid assay
(BCA, Pierce, 23227). The purity of sPD-1 and sTim-3 protein
was estimated using ELISA kits according to the manufacturer’s
protocol (mouse PD-1 ELISA kit: CSB-E13586 min, Cusabio
Biotech Co., Ltd; mouse Tim-3 ELISA kit: HTYR4Y, Huiying

Biotech Co., Ltd). The purity of sPD-1 and sTim-3 in the prepa-
ration was estimated to be at 40-50% in the total protein. Based
on an earlier report in which a recombinant soluble PD-1 at 6.7
pg/ml was able to affect the macaque SIV-specific CD4* and
CD8* T-cells proliferative responses,”® we tested our sPD-1 and
sTim-3 at concentration ranging from 4 pg/ml to 64 pg/ml and
found that 32 pg/ml could exert the most potent blockade activ-
ity on cellular immune response in vitro (Fig. S2).

Data analysis and statistical analysis

Flow cytometry data were analyzed with FlowJo software
(version 7.6.2; Tree Star, Inc.). Statistical analysis and graphical
presentations were generated with GraphPad Prism software (ver-
sion 5.01; Graph-Pad Software Inc.). Mean and standard devia-
tion were used to describe the immune response in each group.
Comparison between different groups was performed using a
two-tailed the Student 7 test. 2 < 0.05 was considered statistically
significant.
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