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Abstract

During antiretroviral therapy (ART), most of the human immunodeficiency virus (HIV) reservoirs 

persist in the B cell follicles (BCFs) of lymphoid tissue. Thus, for HIV cure strategies, it is critical 

to generate cytolytic CD8+ T cells that home to BCF, reduce the reservoir burden, and maintain 

strong antiviral responses in the absence of ART. Here, using a chronic simian immunodeficiency 

virus (SIV)/rhesus macaque model, we showed that therapeutic vaccination under ART using a 

CD40L plus TLR7 agonist–adjuvanted DNA/modified vaccinia Ankara vaccine regimen induced 

robust and highly functional, SIV-specific CD4+ and CD8+ T cell responses. In addition, the 

vaccination induced SIV-specific CD8+ T cells in the lymph nodes (LNs) that could home 

to BCF. Administration of PD-1 blockade before initiation of ART and during vaccination 

markedly increased the frequency of granzyme B+ perforin+ CD8+ T cells in the blood and 

LN, enhanced their localization in germinal centers of BCF, and reduced the viral reservoir. After 

ART interruption, the vaccine + anti–PD-1 antibody–treated animals, compared with the vaccine 

alone and ART alone control animals, displayed preservation of the granzyme B+ CD8+ T cells 
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in the T cell zone and BCF of LN, maintained high SIV antigen-recognition breadth, showed 

control of reemerging viremia, and improved survival. Our findings revealed that PD-1 blockade 

enhanced the therapeutic benefits of SIV vaccination by improving and sustaining the function and 

localization of vaccine-induced CD8+ T cells to BCF and decreasing viral reservoirs in lymphoid 

tissue. This work has potential implications for the development of curative HIV strategies.

INTRODUCTION

Chronic HIV/simian immunodeficiency virus (SIV) infection depletes CD4+ T cells and 

erodes CD8+ T cell cytolytic potential by making them dysfunctional, a state known as 

exhaustion that is marked by the overexpression of programmed death-1 (PD-1) (1–4). 

Chronic HIV infection also causes persistent immune activation leading to a heightened 

inflammatory state, resulting in severe dampening of immune responses (5). Although 

antiretroviral therapy (ART) controls HIV/SIV viral infection and prevents infection of new 

CD4+ cells, it cannot clear the latently infected CD4+ T cells (viral reservoirs) that are 

responsible for rapid viral rebound after analytical treatment interruption (ATI) (6–10). The 

ART also fails to completely resolve chronic inflammation, resulting in suboptimal immune 

reconstitution (11, 12). Furthermore, a considerable fraction of the viral reservoir is confined 

to B cell follicles (BCFs), necessitating the generation of antiviral CD8+ T cells that can 

home to the BCF (8, 13–17). HIV-specific CD8+ T cells during chronic infection are largely 

excluded from the BCF (18, 19), and we previously showed that higher expression of the 

chemokine receptor CXCR5, required for homing to BCF, on SIV-specific CD8+ T cells 

associates with enhanced viral control during chronic SIV infection (20). Thus, there is a 

need to develop new HIV cure strategies that can induce highly functional virus-specific 

CD4+ and CD8+ T cells under ART and enhance homing of SIV-specific CD8+ T cells with 

killing potential to BCFs, in addition to reducing viral reservoirs. Therefore, facilitating the 

homing of highly functional CD8+ T cells into the BCF represents a promising therapeutic 

strategy.

PD-1 blockade during chronic SIV infection can improve CD8+ T cell functions (21, 22). 

Furthermore, administration of anti–PD-1 antibody before initiation of ART and during ART 

potentiates the latent reservoir reduction in rhesus macaques (RMs) chronically infected 

with SIV (23). However, PD-1 blockade during ART does not significantly increase the 

magnitude of antiviral T cell immunity highlighting the need for combining PD-1 blockade 

with therapies that can induce strong antiviral T cell response and potentiate BCF homing 

of CD8+ T cell with broad and potent antiviral functions. A possible strategy would 

be combining PD-1 blockade with therapeutic vaccination, which can potentially achieve 

two key goals toward a functional HIV cure: (i) PD-1 blockade would rejuvenate CD8 T 

cells that are functionally exhausted during chronic infection in addition to reducing viral 

reservoirs under ART, and (ii) vaccination would induce potent and broad antiviral T cell 

responses with the potential to home to BCF. Toward this, studies that combined vaccination 

with the PD-1 blockade have shown promising results in cancer studies (24–26) and in 

the lymphocytic choriomeningitis virus (LCMV) infection model (27). These findings have 

generated profound interest in combining therapeutic vaccination with the PD-1 checkpoint 

blockade as an HIV treatment strategy.
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Here, we studied the therapeutic potential of vaccination using a combination of CD40L 

and Toll-like receptor 7 (TLR7) agonist– adjuvanted DNA prime/modified vaccinia Ankara 

(MVA) boost approach (28, 29) in the presence or absence of PD-1 immune checkpoint 

blockade in chronically SIV-infected RMs under ART. Specifically, we wanted to assess 

the combined effect of vaccination and PD-1 blockade on the following: (i) induction 

of broad and potent antiviral immunity, (ii) localization of cytotoxic CD8+ T cells into 

lymphoid tissue, (iii) reduction of viral reservoirs in lymph node (LN), and (iv) the impact 

on rebounding viremia after ATI. Therapeutic vaccination under ART induced a broad 

and highly functional SIV-specific CD4+ and CD8+ T cell response, and vaccine-induced 

SIV-specific CD8+ T cells expressed granzyme B (GrzB) and homed to the BCF in both 

vaccine groups. However, compared with vaccination alone, vaccination plus anti–PD-1 

therapy reduced viral reservoirs in LNs during ART and preserved the magnitude, SIV 

antigen recognition breadth, and BCF homing of the antiviral CD8+ T cell response after 

ART interruption. This preservation of CD8+ T cell function was associated with better 

control of rebounding viremia and survival after ART interruption. These results highlight 

the potential of a combination strategy involving the vaccination and anti–PD-1 therapy to 

improve and sustain the functional CD8+ T cell response, thus reducing viral reservoirs in 

the lymphoid tissues during chronic SIV infection.

RESULTS

Study design

To study the influence of PD-1 blockade on therapeutic vaccination under ART, we infected 

three groups of RMs with SIVmac239 intrarectally to induce chronic infection and initiated 

ART at 10 weeks after infection (Fig. 1A). Two groups were subsequently immunized with 

a CD40L plus TLR7 agonist–adjuvanted DNA/MVA SIV239 vaccine, one without (vaccine

only, n = 6) and the other with anti– PD-1 therapy (vaccine + PD-1, n = 7). The third group 

did not receive vaccination or anti–PD-1 therapy and served as the ART-only control group 

(control, n = 6) (table S1). Vaccination consisted of two intradermal DNA/SIV239-CD40L 

vaccine primes followed by two intramuscular (IM) MVA/SIV239 vaccine boosts at 4-week 

intervals starting at week 38 (28 weeks after ART initiation) except for the last MVA 

boost, which was given 14 weeks after the first MVA boost. The DNA vaccine expressed 

SIV239 Gag, Pol, envelope (gp160), Tat, Rev, and membrane-anchored macaque CD40L. 

The MVA vaccine expressed SIV239 Gag, Pol, and envelope (gp150). Both vaccine groups 

also received ectopic application of imiquimod (a TLR7 agonist) cream as an adjuvant at 

6 and 24 hours after each DNA vaccination because a combination of TLR7 and CD40 

signaling induces potent CD8+ T cell responses in the absence of CD4+ T cell help (30, 31). 

Further, TLR7 agonist could also act as a latency reversal agent (LRA) as has been shown 

when delivered orally (32). However, we do not know whether it can be used as an LRA 

when used topically. To test this, four applications of imiquimod were given starting from 2 

weeks after the first MVA boost, and two applications were given starting from 2 weeks after 

the second MVA boost with 2-week interval between each application.

The vaccine + PD-1 group received primatized anti–PD-1 treatment in two phases as 

previously described when testing the therapeutic benefits of PD-1 blockade combined with 
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ART (23). The first phase (referred to as phase 1 henceforth) consisted of five doses on days 

0, 3, 7, 10, and 14 at 3 mg/kg starting 10 days before the initiation of ART. The second 

phase (referred to as phase 2 henceforth) consisted of three 10 mg/kg doses every 3 weeks 

starting with the first DNA prime during ART. The goals for the first phase were (i) to 

restore the function of dysfunctional CD8+ T cell response by PD-1 blockade during chronic 

viral replication in the absence of ART and (ii) that these functional CD8+ T cells will work 

synergistically with ART to clear virus-infected CD4+ T cells when ART is initiated. Using 

this approach, we previously showed that the virus pulldown was significantly faster (42 

days versus 150+ days) in the ART + PD-1 group compared with ART-only group (23). We 

also observed that PD-1 blockade during ART does not significantly improve T cell function 

in blood (23). Thus, one of the primary goals for using PD-1 blockade plus vaccination 

during ART was to see whether it could further enhance the magnitude and breadth of T 

cell response induced by vaccination. This was based on the previous studies showing that 

PD-1 blockade during acute LCMV infection in mice (33) and vaccination in macaques (22) 

increases the magnitude of CD8+ T cell responses. In addition, we proposed that the LRA 

function of PD-1 blockade as shown by us and others (23, 34) reactivates virus in some 

fraction of latently infected cells, and these virus-reactivated CD4+ T cells will be killed by 

the functional CD8+ T cells potentially leading to lower viral reservoirs.

Here, we did not observe a significant impact of PD-1 blockade during the phase 1 on viral 

suppression or CD8 T cell proliferation (fig. S1, A to C), and we elaborated on possible 

reasons for this in Discussion. In addition, PD-1 blockade during the initiation of ART and 

DNA vaccinations resulted in the generation of antidrug antibodies (ADA), and thus we did 

not continue PD-1 blockade during MVA vaccinations (fig. S1D). The induction of ADA 

during phase 2 was associated with poor receptor occupancy of PD-1 on T cells (fig. S1E); 

however, it did not influence the proliferative capability of CD8+ T cells that was observed 

at 1 week after blockade (fig. S1F). Furthermore, ADA did not affect the induction cytolytic 

markers on CD8+ T cells (fig. S1G). All vaccinations were carried out under complete viral 

suppression by ART (Fig. 1B and fig. S2, A to C). ATI was performed at week 66 (6 weeks 

after the second MVA boost), and RMs were followed for 26 weeks after ATI to check for 

viral rebound, development of AIDS, and survival.

Combination of PD-1 blockade and vaccination enhanced the frequency and persistence of 
GrzB+ perforin+ CD8+ T cells in blood

DNA prime and MVA boost vaccination under ART induced expansion of CD8+ T cells in 

both vaccine-only and vaccine + PD-1 groups as marked by increase in Ki67+ CD8+ T cells 

(Fig. 1C and fig. S3). After the first DNA vaccination, the expansion of Ki67+ CD8+ T cells 

was mainly observed in the vaccine + PD-1 group, although was not significantly different. 

However, the expansion was prominent in both vaccine groups after the MVA boosts (Fig. 

1C). At the peak of MVA vaccinations (i.e., 7 days after each MVA), the frequencies of 

Ki67+ CD8+ T cells in the vaccine-only and vaccine + PD-1 groups were comparable and 

were fourfold higher compared with ART-only group (Fig. 1C). The first MVA vaccination 

also led to a profound increase in the frequency of total CD8+ T cells with cytolytic 

potential as measured by GrzB and perforin coexpression at week 2 after vaccination (Fig. 

1D and fig. S3). While this increase was transient in the vaccine-only group and was not 
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significantly different compared with control, it persisted in the vaccine + PD-1 group for 

14 weeks. After the second MVA boost, the frequency of GrzB and perforin coexpressing 

CD8+ T cells showed a small expansion in the vaccine + PD-1 but not in the vaccine-only 

or ART-only animals (Fig. 1D). These results demonstrated that DNA/MVA vaccinations 

induced high frequencies of proliferating CD8+ T cells with cytolytic potential, and PD-1 

blockade markedly enhanced the durability of total CD8+ T cells with cytolytic potential in 

the blood.

Five weeks after the second MVA boost (1 week before ATI), animals in the vaccine + 

PD-1 group had significantly higher frequencies of GrzB and perforin coexpressing CD8+ 

T cells in blood compared with the vaccine-only and ART-only control groups (Fig. 1E). 

Moreover, we also evaluated the status of FoxP3+ CD4+ and CD8+ T cells [regulatory T 

cells (Tregs)] in the treated groups. There was no significant difference in the frequency of 

CD4+ Tregs among three treatment groups. However, animals in the vaccine-only group had 

marginally higher frequencies of CD8+ Tregs than vaccine + PD-1 and ART-only animals 

(Fig. 1F and fig. S3). Because the ratio of cytolytic CD8+ T cells and Tregs can influence 

the function of CD8+ T cells, we measured the ratios (35, 36). The vaccine + PD-1–treated 

animals exhibited a significantly higher ratio of cells with cytolytic potential to cells with a 

regulatory phenotype as compared with vaccine-only and ART-only groups (Fig. 1G). This 

durable and improved cytolytic capability of CD8+ T cells in the vaccine + PD-1–treated 

animals may be important in controlling HIV/SIV.

DNA/MVA vaccinations induced robust SIV-specific CD4+ and CD8+ T cells with 
polyfunctionality and breadth in blood

We next investigated the effects of vaccination and PD-1 blockade on SIV-specific T cells 

response. DNA/MVA vaccinations induced high frequencies of SIV Gag and Env-specific 

CD4+ and CD8+ T cell cytokine responses (Fig. 2, A and B, and fig. S4A). The frequency 

of interferon-gamma–positive (IFNλ+) CD4+ and CD8+ T cells increased marginally after 

two DNA immunizations in both groups (geomean of 0.08% for CD4+ and 0.1% for CD8+), 

and PD-1 blockade did not enhance these responses. The first MVA strongly boosted both 

CD4+ and CD8+ IFNλ+ T cell responses with frequencies reaching up to 1% for CD4+ 

and up to 10% for CD8+ T cells. The boost for CD8+ T cells was comparable for both 

groups but trended lower for CD4+ T cells in the vaccine + PD-1 group. However, by 5 

weeks after first MVA, both CD4+ and CD8+ T cell responses showed better persistence 

in the vaccine + PD-1 group compared with vaccine-only group (fig. S5, A and B). The 

SIV-specific IFNλ+ CD4 T cell response contracted ~12-fold (geomean) in vaccine-only 

group but remained nearly unchanged (fold reduction of ~1) in vaccine + PD-1 group by 

week 5 after MVA1 (fig. S5A). Similarly, IFNλ+ CD8 T cell response contracted ~5-fold 

(geomean) in vaccine-only group but remained nearly unchanged (fold reduction of ~1) in 

vaccine + PD-1 by week 5 after MVA1 boost (fig. S5B). After the second MVA boost, both 

CD4+ and CD8+ responses were boosted in both groups to a magnitude similar or slightly 

higher compared with 1 week after MVA1.

In addition to IFNλ, the vaccine-induced T cells also showed an increase in SIV-specific 

interleukin-2 (IL-2) and tumor necrosis factor–α (TNFα) cytokine responses (fig. S4B) 
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resulting in the generation of polyfunctional CD4+ and CD8+ T cell responses in both 

vaccine groups (Fig. 2C and fig. S4, C and D). IFNλ+TNFα+CD8+ T cells were 

significantly higher only in the vaccine + PD-1 group (fig. S4D). Vaccination also induced 

significantly higher antigen-specific CD8+ T cell responses in the gut with or without 

PD-1, resulting in slightly increased polyfunctional CD4+ and CD8+ T cells compared with 

animals in the ART-only control group (fig. S6, A and B). Vaccination markedly improved 

SIV antigen recognition breadth of CD4+ and CD8+ T cells (Fig. 2D and fig. S4, E and F). 

In both of the vaccinated groups, CD4+ T cells recognized an average of 10 to 13 peptide 

pools, and CD8+ T cells recognized 5 to 6 pools (Fig. 2D). In contrast, the CD4+ and CD8+ 

T cells in the ART-only control group were generally responsive to less than two pools. 

Furthermore, vaccinations induced robust SIV Gag-CM9 tetramer–specific CD8+ T cells in 

Mamu-A* 01+ animals in both groups that ranged from 5 to 17% at day 7 after first MVA 

and contracted over time (Fig. 2E). The second MVA boost boosted these cells; however, 

the peak levels were comparable between first and second MVA boosts. At 1 week after the 

first MVA boost, most of the Gag-CM9 tetramer–positive CD8+ T cells coexpressed GrzB 

and perforin (Fig. 2F). These results demonstrated that DNA/MVA vaccination during ART 

induced robust SIV-specific polyfunctional CD4+ and CD8+ T cell responses with strong 

breadth in blood, with PD-1 blockade enhancing the durability of these responses, at least 

after the first MVA boost.

DNA/MVA vaccination induced robust CD8+ T cells in the T cell zone and BCFs of the LN

To understand the influence of vaccination on SIV-specific CD4+ and CD8+ T cells in the 

LNs, we collected LN biopsies at 1 week after the second MVA boost. Phenotypic analysis 

of the LN CD8+ T cells using flow cytometry revealed higher proliferating CD8+ T cells in 

the vaccine + PD-1 group, although not significantly different compared with vaccine-only 

or control groups (Fig. 3A). However, the frequency of GrzB+ perforin+ Ki67+ CD8+ T 

cells was significantly higher in the vaccine + PD-1 group compared with ART-only group 

(Fig. 3A). Similarly, the frequency of SIV-specific IFNλ+ CD4+ and CD8+ T cells was 

also higher in the vaccine + PD-1 group compared with ART-only group (Fig. 3B). The 

vaccine-only group also showed a marginal increase in the SIV specific IFNλ+ T cell 

responses but not significantly different compared with control. To gain insight into the 

localization of SIV-specific CD8+ T cells, we performed in situ GagCM9 tetramer staining 

of LN sections in Mamu-A*01+ animals in each treatment. GagCM9+ cells were present in 

both T cell zone (TCZ) and BCF regions of the LN of both vaccine groups (Fig. 3, C and D, 

and fig. S7, A and B) and expressed GrzB (Fig. 3, C to E, and fig. S7, A and B). The density 

of these cells was marginally higher in TCZ compared with BCF as previously observed 

(20) (fig. S7, C and D), and the density of total GagCM9+ T cells correlated positively with 

the density of total GagCM9+ expressing GrzB (Fig. 3F).

To get a better understanding of the localization of CD8+ T cells in all animals (n = 6 or 7), 

we investigated the density of bulk cytolytic (GrzB+) CD8+ T cells. Frozen LN sections at 

MVA2 week 1 time point were stained for CD20 (B cells), CD3 (T cells), CD8, and GrzB 

(cytolytic protein). We analyzed the magnitude and spatial distribution of CD3+CD8+GrzB+ 

T cells in the TCZ, BCF, and germinal centers (GCs; Fig. 3, G and H, and fig. S8, A and B). 

The frequency of CD3+ CD8+GrzB+ T cells was markedly higher in the TCZ and BCF of 
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vaccinated animals compared with ART-only animals (Fig. 3H). Between the three regions, 

the density was highest in the TCZ and lowest in GCs (Fig. 3H). While these responses 

were comparable between the two vaccinated groups, only the vaccine + PD-1 group showed 

significantly higher CD8+GrzB+ T cells in the GC compartment (Fig. 3H).

Collectively, these data demonstrated that vaccination under ART induced significant 

localization of the CD8+ T cells having cytolytic potential in the lymphoid tissue 

compartments, and combining vaccine with anti–PD-1 therapy potentiated their localization 

in the GCs.

PD-1 blockade potentiated viral reservoir reduction under ART Next, we analyzed cell

associated SIV DNA before vaccination (pre-Vac; 16 weeks after ART) and after vaccination 

(post-Vac; 5 weeks after second MVA, 1 week before ATI) to understand the influence 

of vaccination in the absence and presence of PD-1 blockade on viral reservoirs (Fig. 4). 

Before initiation of ART, the set point viral load (VL) in plasma was relatively higher in 

the anti– PD-1 group (not significant) compared with ART-only and vaccine-only groups 

(Fig. 4A). Similarly, at pre-Vac, the DNA reservoir size in the PD-1 group was higher 

compared with controls (Fig. 4B). To understand this further, we compared the pre-ART 

set point VL with the pre-Vac reservoir in the LN and observed a trend for positive 

association, suggesting that the set point VL before initiation of ART contributed to higher 

reservoir in the vaccine + PD-1 group (Fig. 4C). The lack of significant correlation was 

primarily due to three animals in the ART-only control group that showed lower reservoir 

despite having higher set point VL before ART. After vaccination, the reservoir size was 

comparable between the three groups (Fig. 4D). We analyzed fold difference in the DNA 

reservoir before and after vaccination and found greater reduction in the vaccine + PD-1 

group compared with control and vaccine-only groups together. The vaccine + PD-1 group 

showed 3.5-fold decline in reservoir compared with 2.1-fold decline in the control and 

vaccine-only groups (Fig. 4E). These results demonstrated a faster decline of reservoir in 

the LN of the vaccine + PD-1 group compared with control and vaccine-only group over 

9 months and suggested that PD-1 blockade potentiated the reduction of the SIV reservoir. 

We hypothesized that this was due to the reactivation of the latent cells and/or subsequent 

clearance of viral antigen–bearing cells by the improved cytolytic CD8+ T cell function 

in the LNs. This was supported by the positive correlation (Spearman r = 0.8) between 

fold reservoir reduction and enhanced cytolytic CD8+ T cell density inside the BCF of 

LN in only the vaccine + PD-1 group after the second MVA (Fig. 4F). To understand the 

influence of PD-1 blockade plus vaccination on active viral reservoirs, we measured the 

cell-associated viral RNA before and after vaccination. The magnitude of active reservoir 

and the fold reduction were not significantly different between the groups (Fig. 4, G to I, 

and fig. S9, C and D). At pre-Vac, the frequency of viral RNA+, CD4+ cells was nearly 

20-fold lower in LN and 24-fold lower in blood compared with viral DNA+ cells, suggesting 

that the fraction of active viral reservoir was very low under ART (Fig. 4J and fig. S9E). In 

addition, we did not observe a significant fold reduction for viral DNA reservoir in the blood 

after vaccination with and without PD-1 blockade (fig. S9B). In summary, we observed a 

higher decline in the DNA reservoir from pre-Vac to post-Vac in the vaccine + PD-1 group 

compared with the vaccine-only and ART-only groups.
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Combining PD-1 blockade with the vaccination preserved antiviral T cell functions and 
breadth upon ART interruption

We analyzed SIV-specific responses in the blood starting a week before ATI until 10 weeks 

after ATI. Before ATI, both vaccine groups showed higher SIV-specific IFNλ+ CD4+ and 

CD8+ T cell responses compared with ART-only animals (Fig. 5A). After ATI, there was 

a further expansion of SIV-specific IFNλ+ CD4+ and CD8+ T cells in the vaccine + PD-1 

group for 2 to 4 weeks. Similar expansion also occurred in the ART-only group, but there 

was no significant expansion in the vaccine-only group (Fig. 5A). At 4 weeks after ART, 

there was no significant difference between the three groups in the blood, although there 

was a trend for higher IFNλ+ CD4+ and CD8+ T cell magnitude in the vaccine + PD-1 

group compared with other two groups (Fig. 5A). In the LN, the IFNλ+ CD8+ T cell 

response was significantly higher in the vaccine + PD-1 group compared with the ART-only 

group (Fig. 5B). In addition, SIV-specific CD4+ T cell breadth was marginally higher 

(trend) in the vaccine + PD-1 group (geomean of ~5 peptide pool recognition) compared 

with the vaccine-only (geomean of ~3 peptide pool recognition) and ART-only (geomean 

of ~2 peptide pool recognition) groups (Fig. 5C, top plot). Encouragingly, SIV-specific 

CD8+ T cell breadth (geomean of ~8 peptide pool recognition) was significantly higher 

in the vaccine + PD-1 group compared with vaccine-only (geomean of ~3 peptide pool 

recognition) and ART-only (geomean of ~3 peptide pool recognition) groups (Fig. 5C, 

bottom plot). A direct comparison of T cell breadth between pre-ATI and post-ATI time 

points revealed a remarkable preservation of CD8+ T cell breadth in vaccine + PD-1 group 

but not CD4 T cell (fig. S10, A and B; red). Unexpectedly, the vaccine-only group showed 

significant loss of T cell breadth after ATI (fig. S10, A and B; blue). The ART-only control 

animals did not lose T cell breadth or show any significant improvement (fig. S10, A and B; 

black).

Further analysis of CD8+ T cells in the LN showed the presence of proliferating CD8+ 

T cells in all groups with a trend toward higher proliferation in the vaccine + PD-1 

group (Fig. 5D). However, the proliferation among CXCR5+ was significantly higher 

in the vaccine + PD-1 group compared with ART-only control group. Further analysis 

of perforin expression on proliferating CD8+ T cells revealed a significant increase in 

these cells, both on CXCR5+ and CXCR5− CD8+ T cells, suggesting that PD-1 blockade 

enhanced the proliferation and cytolytic potential of CD8+ T cells that are expected to be in 

follicular (CXCR5+) and extrafollicular regions (CXCR5−, TCZ) of LNs. To understand the 

localization of these CD8+ T cells, we analyzed CD8+GrzB+ T cells in LN sections using 

immunohistochemistry 4 weeks after ATI. We observed significantly higher localization of 

CD8+ T cell expressing GrzB in the TCZ and BCF regions of the LN in vaccine + PD-1 

group compared with the vaccine-only or ART-only control group (Fig. 5, E and F, and 

fig. S11, A and B). Unexpectedly, animals in the vaccine-only group did not demonstrate 

enhanced localization of the GrzB+CD8+ T cells compared with the ART-only group. As 

expected, the CD8+GrzB+ T cell density was significantly higher in TCZ compared with 

the BCF overall (fig. S11C). Direct comparison of the CD8+GrzB+T cell densities either 

within the TCZ or BCF region of the LN section at pre-ATI (after final vaccination) to the 

post-ATI (week 4) time point revealed notable preservation and significant expansion only 

in the vaccine + PD-1 upon ART interruption (fig. S11D). The vaccine-only group did not 
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show any expansion of CD8+GrzB+ T cells. This is consistent with our findings with T cell 

breadth (fig. S10, A and B). These results demonstrate that PD-1 blockade led to marked 

preservation of vaccine-induced CD8+ T cell functions after discontinuation of ART.

We next analyzed cytolytic and Tregs in the gut 4 weeks after ATI. Although the frequency 

of CD8+GrzB+ T cells (Fig. 5G) and CD4+ Tregs (Fig. 5H) was not significantly different 

between the groups, CD8+ Tregs were significantly lower in vaccine + PD-1 group 

compared with the other groups (Fig. 5H). Moreover, the vaccine + PD-1 group had a 

high ratio of GrzB+CD8+ T cells to CD8+ Tregs (Fig. 5I). Collectively, these results showed 

higher expansion of CD8+ T cells with greater cytolytic potential in blood and TCZ and 

BCF compartments of LN in vaccine + PD-1 group but not in the vaccine-only group upon 

discontinuation of ART.

Combining PD-1 blockade with vaccination improved viral control and prolonged survival 
of the chronically infected monkeys after ATI

We monitored viral rebound in the plasma until 26 weeks after ATI. MVA vaccination was 

administered in error to two of six animals (RCk16 and RKj16) in the control group 6 weeks 

before ATI at the time of administration of second MVA to other groups (fig. S12). This 

resulted in the induction of strong SIV-specific IFNλ+ CD8 T cell response at 1 week after 

vaccination. In addition, these macaques also showed enhanced proliferation and cytolytic 

potential (GrzB) of CD8+ T cells after accidental MVA vaccination. Owing to these strong 

immune responses, we excluded data for these two animals from the control group after 

MVA2 time point.

After ATI, virus rebounded in all animals by 1 to 3 weeks, and the time to rebound was 

not considerably different between the groups (Fig. 6A). However, the viral control was 

significantly better in the vaccine + PD-1 group compared with the ART-only control group 

up until the study end point (26 weeks after ATI) (Fig. 6, B and C). It is reported that 

the magnitude of the VL before ART initiation associates with the postrebound viremia 

(37–39). Therefore, difference in the overall magnitude of the VL between the pre-ART 

and post-ATI time points should reflect the extent of the viral suppression. We analyzed 

the difference between the VL area under the curve (AUC) before the ART initiation and 

after ATI for each animal. This would also account for VL differences over time rather 

than at a specific time point. After infection, the set point was observed starting week 3 

until week 10 at which ART was initiated. Therefore, we calculated pre-ART set point VL 

AUC from weeks 3 to 10. Similarly, AUC for post-ATI viremia was calculated, and the 

differences in AUC from pre-ART were analyzed for weeks 3 to 10, 3 to 16, and 3 to 26 

(end point) post-rebound (Fig. 6B). The vaccine + PD-1 group showed significantly higher 

AUC difference compared with the ART-only group at weeks 10, 16, and 24, indicating 

stronger and persistent suppression of SIV VL after ATI. Consistently, animals in vaccine 

+ PD-1 group but not ART-only and Vaccine-only groups showed significantly lower VLs 

at week 10, 16, and 26 after ATI compared with the pre-ART VL set point in respective 

animals (Fig. 6C). We observed a positive correlation between pre-ART VL set point and 

post-ATI VL set point in ART-only and vaccine- only animals (Fig. 6D and fig. S13; black 

line). In contrast, we observed a negative association in the vaccine + PD-1 group (fig. S13; 
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red line). These data suggested that the addition of PD-1 blockade to vaccination altered the 

immune response, allowing for better viral control after ART interruption compared with 

ART-only and vaccine-only groups, and this improvement was better in animals with higher 

set point VL.

Animals in the vaccine + PD-1 group had a significant delay in their time to reach pre-ART 

set point VL (Fig. 6E). Four of the six RMs in the vaccine-only group and all of the ART

only group RMs reached pre-ART set point by the study end point (26 weeks). In contrast, 

only one of seven RMs in the vaccine + PD-1 group reached their pre-ART set point by this 

time point. The macaque in this group that reached its pre-ART set point (ID 9Q7) showed 

poor SIV-specific T cell response and breadth upon vaccination and subsequently died due 

to non-AIDS–related reasons that were not related to any treatment interventions (fig. S14, 

A and B). Consistent with their better viral control, animals in the vaccine + PD-1 group 

had significantly improved survival compared with the vaccine-only and ART-only control 

group (Fig. 6F). None of the RMs in the vaccine + PD-1 group progressed to AIDS as 

opposed to 50% of the animals in the ART-only and vaccine-only groups (Fig. 6F and table 

S1). The vaccine-only group had significantly higher CD4+ T cell activation in comparison 

to the ART-only and vaccine + PD-1 groups (Fig. 6G). CD4+ T cell frequencies in gut 

were not significantly different between the groups (fig. S15A), although the vaccine + 

PD-1 group showed marginally higher frequency at week 10 (fig. S15B) and week 16 (fig. 

S15C) after ATI. We also observed lower immune activation of CD4+ T cells in the gut of 

vaccine + PD-1 group animals as measured by lower Ki67+HLA-DR+CD4+ T cells (Fig. 

6H). In addition, the vaccine + PD-1 group demonstrated lower neutrophil frequency and 

higher lymphocyte and CD8 T cell counts pointing to lower inflammatory condition and 

better immune reconstitution compared with ART-only control and vaccine-only groups (fig. 

S16). Together, these findings show enhanced viral control, improved health, and survival 

benefits in vaccine + PD-1–treated animals. We additionally analyzed a blood clinical 

chemistry profile that includes various proteins, ions, enzymes, and glucose to account 

for any adverse effects of the interventions and observed no significant changes in these 

biochemical parameters, indicating that the therapy was safe (fig. S17).

Correlation analyses with the AUC differences (viral control) of VL set point between 

pre-ART (weeks 3 to 10) and post-ATI (weeks 3 to 10) revealed various correlates. 

Fold reduction in SIV DNA reservoir in LN but not in blood showed significant positive 

correlation with the AUC difference (Fig. 6I and fig. S8F). Several CD8 T cell properties 

correlated positively with the viral control (Fig. 6J). Proliferating Ki67+CD8+ T cells 

having BCF-homing potential (CXCR5+) expressing one or more cytolytic markers in 

the LN after ATI showed significant positive correlation with the enhanced viral control 

(Fig. 6J). Similarly, antigen-specific IFNλ+CD8+ T cells within LNs correlated positively 

with the SIV control. Together, these results suggest that highly functional SIV-specific 

CD8+ T cells demonstrated that vaccination with CD40L and TLR7 agonist– adjuvanted 

DNA/MVA vaccination under ART induced robust and broad SIV-specific CD4+ and CD8+ 

T cell responses with a polyfunctional profile and cytolytic potential in blood and LNs. 

Vaccination also generated a strong SIV-specific CD8+ T cell response with cytolytic 

potential in TCZ and BCF regions of LN, much needed immune component to achieve 

a cure against HIV. Administration of PD-1 blockade during vaccination did not further 
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improve the magnitude and breadth of vaccine-induced T cell response in blood but 

improved the cytolytic potential of CD8+ T cells. In the LN, the frequency of SIV-specific 

CD8+ T cells and the density of GrzB+ CD8+ cells in the GC were higher only in the 

PD-1–treated group but not in the vaccine-only group compared with control group. This 

was associated with greater reduction in LN viral reservoirs in the PD-1–treated group. After 

ATI, the viral control and survival were better in the PD-1–treated group, and these were 

associated with better preservation of breadth of CD8+ T cell in the LN combined with 

reservoir reduction are key in controlling viremia after ATI.

DISCUSSION

A successful HIV cure is limited by inefficient elimination of persistent viral reservoirs, 

restricted homing of cytotoxic CD8+ T cells into the BCF, a known viral reservoir sanctuary, 

and diminished CD4+ and CD8+ T cell functions despite effective ART therapy. Current 

strategies fail to efficiently combine LRAs with the induction and homing of functional 

HIV/SIV-specific cellular immunity to viral reservoir sites in LNs. Immune checkpoint 

blockade alone fails to purge latent reservoirs or control rebounding viremia in a chronic 

SIV/macaque infection model (34), highlighting the need for combining immune checkpoint 

blockade with the other interventions such as vaccination and passive antibody therapy. 

The results from our study demonstrated that vaccination with CD40L and TLR7 agonist– 

adjuvanted DNA/MVA vaccination under ART induced robust and broad SIV-specific CD4+ 

and CD8+ T cell responses with a polyfunctional profile and cytolytic potential in blood 

and LNs. Vaccination also generated a strong SIV-specific CD8+ T cell response with 

cytolytic potential in TCZ and BCF regions of LN, much needed immune component to 

achieve a cure against HIV. Administration of PD-1 blockade during vaccination did not 

further improve the magnitude and breadth of vaccine-induced T cell response in blood but 

improved the cytolytic potential of CD8+ T cells. In the LN, the frequency of SIV-specific 

CD8+ T cells and the density of GrzB+ CD8+ cells in the GC were higher only in the 

PD-1–treated group but not in the vaccine-only group compared with control group. This 

was associated with greater reduction in LN viral reservoirs in the PD-1–treated group. After 

ATI, the viral control and survival were better in the PD-1–treated group, and these were 

associated with better preservation of breadth of CD8+ T cell response in blood and the 

presence of higher density of CD8+ T cells in the TCZ and BCF with cytolytic potential in 

the LN. In summary, these results demonstrated that the combination of PD-1 blockade and 

therapeutic vaccination can be used to generate a highly functional and broad SIV-specific 

CD8+ T cell response in blood and LNs that can be sustained after ATI. They also highlight 

a potential therapeutic approach that may help achieve a cure to HIV.

Although the viral control we observed in the vaccine + PD-1 group compared with 

control was not profound, we think even a fivefold effect is meaningful for the following 

reasons. The chronic infection model (SIVmac239/RM) used in this study sets a very high 

barrier to cure because SIVmac239 establishes set point VL in the order of 106 copies/ml, 

which is about 100 times greater compared with the set point VL established by HIV-1 

in humans. Consistently, SIVmac infection in RMs seed a significantly higher proportion 

of reservoirs compared with HIV-1 in humans (40). The high set point VL combined 

with initiation of ART at 10 weeks after infection also leads to the establishment of a 
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high SIV reservoir, immune dysfunction, and viral escape from antiviral immunity. Recent 

studies using the same virus and model fail to show any effect on viral control or reservoir 

despite showing clear latency reversal effect of immune checkpoint blockade (34, 41). 

Therefore, it is encouraging that our current study achieved moderate but persistent viral 

control with no AIDS progression using the highly stringent SIVmac239 RM model of HIV/ 

AIDS. Nevertheless, these results highlighted that curing HIV/SIV infection necessitates 

resolving these multilayered limitations. In this direction, initiating ART early after infection 

may result in more marked viral control after ART interruption because of less reservoir 

seeding and less escape variants. Consistently, starting ART 9 days after infection results in 

lower reservoir seeding and better viral control (42). Therefore, combining early ART with 

vaccination and PD-1 blockade may result in stronger viral control in the absence of ART.

Several CD8+ T cell functions correlated with viral control. The primary correlate in 

our study was the induction and maintenance of highly functional and broad CD8+ T 

cell response with the ability to home to BCF (CXCR5+GrzB+ and perforin+ CD8+ T 

cells), where most of the SIV reservoirs persist. Consistently, we observed greater reservoir 

reduction in the vaccine + PD-1 group. These results highlighted the importance of inducing 

cytotoxic CD8 T cells that can home to lymphoid tissue. Furthermore, combining the 

vaccine with PD-1 blockade resulted in striking durability of CD8+ T cell function in the 

blood, LN, and gut compared with vaccine-only animals after ATI. We also found that PD-1 

blockade more consistently improved the proliferation and cytolytic potential of SIV-specific 

CD8+ T cells in the LN compared with the vaccine-only animals as indicated by a higher 

proliferation of CXCR5+GrzB+ and perforin+ CD8+ T cells and follicular homing. It is 

worth noting that the PD-1 blockade in an LCMV model associates with the proliferative 

burst of a specific CXCR5+ Tcf-1+ CD8+ T cell population, which shows stem cell–like 

properties (43). This population predominantly resides in the TCZ but not in the BCFs. 

While several studies, including ours, show the association of the ability of CXCR5+ 

CD8+ T cells to translocate into BCF with better viral control (20, 44–46), it remains to 

be established whether this population is exclusively coming from Tcf-1+ stem cell– like 

CXCR5+ CD8+ T cells residing in TCZ during HIV infection and whether these cells also 

require CXCR5+ expression to home to BCF.

We do not know the specificity of GrzB+ and perforin+ CD8+ T cells that were increased 

in the LNs upon vaccination with or without PD-1 blockade. Frequency of these cells was 

much larger than what we scored in antigen-specific cytokine response assay. Unfortunately, 

we could not combine staining for the cytolytic molecules and cytokines in our intracellular 

cytokine assays because cells rapidly degranulate and lose intracellular cytolytic molecules 

immediately after stimulation. We also do not know whether these CD8+ T cells in the 

LNs expressing cytolytic marker were able to kill the virus-infected cells. Previous studies 

in chronically HIV-infected humans and SIV-infected RMs report compromised cytolytic 

activity of HIV/SIV-specific CD8+ T cells in LNs (19, 47). Furthermore, most of the 

virus-specific CD8+ T cells are excluded from the BCF in the chronic HIV/SIV infection 

setting (18, 48, 49). At present, several strategies are being tested to facilitate homing of 

antigen-specific CD8+ T cells with cytolytic potential into the BCF and killing of infected 

cells (50–52). Here, we have shown that vaccination induced robust CD8+ T cells having 

cytolytic potential into the LNs. However, further investigations are needed to establish 
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whether these cells are capable of directly killing infected cells and reducing the viral 

reservoirs in GC–follicular helper T cells located in BCF.

Animals in the vaccine-only group failed to show sustained SIV-specific CD8+ T cell 

response and functions after ATI despite inducing a strong and highly functional T cell 

response after vaccination. The precise mechanisms behind the loss of T cell breadth and 

localization to BCF after ATI remain to be determined. Hyperimmune activation and disease 

progression correlate with sustained elevation of type I IFN responses in SIV-infected RMs 

(53–55), and previous reports show that sustained type I IFNs during chronic HIV infection 

impair CD8+ T cell function and survival, and blocking IFN receptor can rescue these 

immune defects (56). PD-1 blockade potently down-regulates interferon stimulated genes 

(ISGs) (23, 57), and this ISG down-regulation persists long after discontinuation of anti–

PD-1 antibody therapy (57). Here, we observed significantly lower frequency of neutrophil 

and significantly higher CD8+ T cell count in vaccine + PD-1 group, at week 10 after ART 

interruption, compared with control. Therefore, it is likely that PD-1 blockade in the vaccine 

+ PD-1 group mediated dampening of chronic inflammation, and this could have contributed 

to better and sustained functional quality of CD8+ T cells after ATI.

The timing of PD-1 blockade is critical because PD-1 blockade not only reverses CD8+ T 

cell exhaustion but also can reverse latency. Therefore, we considered using PD-1 blockade 

primarily at three time points, i.e., before initiation of ART (phase 1), during vaccination 

under ART (phase 2), and after ATI (phase 3). As indicated above and observed in our 

previous study (23), the goal for phase 1 was to restore CD8+ T cell function that may lead 

to faster viral pull down and seeding of lower viral reservoirs. However, in this study, we 

did not observe restoration of CD8+ T cell function and faster pull down of virus after ART 

initiation. We think that this could be due to some important differences between the two 

studies such as the use of vaccinated monkeys in the prior study, prolonged chronic infection 

(24 to 30 weeks versus 10 weeks) before ART initiation, and virus variants used for 

infection (SIVmac251 versus SIVmac239). Nevertheless, we cannot rule out whether PD-1 

blockade during phase 1 influenced some of the intrinsic T cell functions that we have not 

characterized. The PD-1 blockade under ART (phase 2) showed clear therapeutic benefits by 

potentiating reservoir reduction and inducing strong antiviral response in the LNs. However, 

we did not use the PD-1 blockade following ATI (phase 3) because the animals developed 

strong antidrug antibody response. However, we believe that viral control can be further 

improved by PD-1 blockade after ART interruption because we and others observed greater 

viral control when PD-1 was given after ART interruption (58, 59). Moreover, a PD-1 alone 

arm was absent in the current study, which would have facilitated a better understanding 

of the effect of vaccine + PD-1 combination compared with PD-1 alone. More studies 

are needed to clearly establish the most optimal timing for PD-1 blockade in reaping the 

maximum therapeutic benefits. Moreover, a PD-1 alone arm was absent in the current 

study, which would have facilitated a better understanding of the effect of vaccine + PD-1 

combination compared with PD-1 alone.

In conclusion, this study using the SIV/macaque model assessed the potential of combining 

therapeutic vaccination and PD-1 immune checkpoint blockade toward the ultimate goal of 

achieving HIV cure in the chronic infection setting. The therapeutic potential of vaccine + 
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PD-1 blockade might be improved by combining it with other immune checkpoint blockade 

approaches, such as PD-1 and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) dual 

blockade, LRAs, such as AZD5582, and anti-inflammatory agents, such as IL-10 and IFNR 

blockade. However, combining multiple therapeutic approaches could also increase the 

safety concerns. At present, several clinical trials are underway or have finished testing PD-1 

blockade therapy alone or in combination with other immune checkpoint blockade agents in 

different HIV-1 infection settings (60–64). It is currently unknown, however, whether these 

therapies will be safe and tolerable in HIV-infected individuals. Nevertheless, our findings 

carry potential implications for the development of an effective therapy for HIV/AIDS.

MATERIALS AND METHODS

Study design

The objective of this study was to test the therapeutic benefits of combining PD-1 blockade 

and vaccination against HIV/AIDS using a chronic SIV/macaque model. We used a 

DNA/MVA vaccination regimen to induce strong, broad, and durable antiviral CD8+ T cell 

immunity under ART and combined it with PD-1 blockade that can further improve CD8+ 

T cell functional quality, reduce viral reservoir, and thereby control viral rebound upon 

ART discontinuation. To achieve this, we infected three groups of RMs with SIVmac239 

intrarectally to induce chronic infection and initiated ART at 10 weeks after infection. 

Two groups were subsequently immunized with a CD40L plus TLR7 agonist–adjuvanted 

DNA/MVA SIV239 vaccine alone (vaccine-only, n = 6) or in combination with anti–PD-1 

antibody therapy (vaccine + PD-1, n = 7). The third group did not receive vaccination or 

anti–PD-1 antibody therapy and served as the ART-only control group (control, n = 6). All 

vaccinations were carried out under complete viral suppression by ART. ATI was done at 

week 66 (6 weeks after the second MVA boost), and RMs were followed for 26 weeks after 

ATI to check for viral rebound, development of AIDS, and survival.

Vaccines and immunizations

The construction of CD40L-adjuvated DNA (65) and MVA (66) vaccines has been described 

previously. The DNA vaccine expressed SIV239 Gag-Pol, Env, Tat, and Rev, and macaque 

CD40L. Two milligrams of DNA vaccine was reconstituted in 666 μl of phosphate-buffered 

saline (PBS). The total dose was injected over six sites each with 100 μl per dose. 

Immediately after intradermal DNA administration, a needle array electrode (6-needle, 

4-mm length and 2-mm depth; procured from BTX) was placed over the raised skin area 

(bleb) of injection, and voltage was applied (two pulses, 1125 V/cm, 50 μs + 8 pulses, 275 

V/cm, 10 ms). MVA-SIVgpe or DR1 was a gift by B. Moss and expressed SIVmac239 

Gag, PR, RT, and Env. A total of 1-ml of MVA containing 108 plaque-forming units per 

dose was divided into two 0.5-ml injections given IM into each quadricep. Young adult 

Indian RMs from the Yerkes breeding colony were selected on the basis of Mamu-A*01, 

Mamu-B*08, and Mamu-B*17 alleles as shown in table S1. The Animal Welfare Act 

and National Institutes of Health (NIH) (Bethesda, MD) Guide for the Care and Use of 

Laboratory Animals were followed. Protocols were approved by the Emory University 

Institutional Animal Care and Use Committee. The monkey infectious dose 50 for intrarectal 

challenge was calculated to be 1150 median tissure culture infectious dose (TCID50). All 
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RMs were infected intrarectally with 1000 to 3000 TCID50 of SIVmac239, and ART 

was initiated at 9.4 weeks. ART regimen consisted of three ART drugs emtricitabine (40 

mg/kg), tenofovir disoproxil fumarate (5.1 mg/kg), and dolutegravir (2.5 mg/kg) and was 

administered subcutaneously. ATI was done at week 66 after infection, and macaques were 

followed for 26 weeks after ATI for VL and until 36 weeks for survival. The progression 

of AIDS was determined on the basis of the following parameters: weight loss, recurrent 

diarrhea, loss of appetite, and thrombocytopenia. The decision on when to euthanize an 

animal was made by veterinarians who were blinded to study groups.

Imiquimod treatment—Imiquimod was purchased as a topical cream (5% imiquimod; 

Aldara) and was applied topically on the dorsal skin of the monkeys near shoulder girdle. 

It was applied at 6 and 24 hours after each DNA vaccination at the site of injection. In 

addition, four ectopic applications were given every 2 weeks after the first MVA boost and 

two applications every 2 weeks after the second MVA boost.

Anti–PD-1 antibody treatment—The anti–PD-1 antibody (clone EH12) was primatized 

as described previously (23). Each macaque received PD-1 blockade in two phases: phase 1 

with five doses on days 0, 3, 7, 10, and 14 at 3 mg/kg starting 10 days before the initiation 

of ART as done previously (23). In the phase 2, three doses of 10 mg/kg were given at weeks 

38, 41, and 44 concomitant with the DNA priming.

Antibodies

Antibodies used in this study are as follows: CD3 (clone SP-34–2; BD Biosciences), 

CXCR5 (MU5UBEE; eBioscience), GagCM9 tetramer (NIH tetramer core), CD28 (CD28.2; 

eBioscience), CD95 (DX2; BD Biosciences), CD279 (PD-1; clone EH12.2H7; BioLegend), 

CD8 (SK1; BD Bioscience), Ki67 (B56; BD Biosciences), CD4 (L200; BD Biosciences), 

GrzB (GB11; BD Biosciences), perforin (Pf-344; Mabtech), FoxP3 (206D; BioLegend), 

HLA-DR (L243; BioLegend), IFNλ (B27; BD Biosciences), TNFα (MAb11; BD 

Biosciences), and IL-2 (MQ1- 17H12; BD Biosciences).

Phenotyping and intracellular cytokine staining

Phenotyping—Mononuclear cells were isolated from rectum and axillary LNs as 

described previously (20, 21, 23). Whole blood and mononuclear cells from tissues were 

stained with LIVE/DEAD Near-IR Dead Cell stain (Life Technologies) and antibodies 

specific to CD3, CD4, CD8, PD-1, HLA-DR, Gag-CM9, CD28, and CD95. To stain cells 

with intracellular markers, cells were fixed and permeabilized with the eBioscience FoxP3/

Transcription Factor staining buffer set following the manufacturer’s instructions and stained 

with antibodies specific to FoxP3, Ki67, GrzB, and perforin. These samples were acquired 

on an LSR Fortessa (BD Biosciences).

Intracellular cytokine staining—Mononuclear cells were processed from blood, gut, 

and axillary LNs, and intracellular cytokine staining (ICCS) assays were performed as 

previously described (21, 23). Cells were stimulated using peptide pools spanning the entire 

SIV-Env protein [peptide (2 μg/ml); single pool of 218 peptides; catalog no. 12635; NIH 

AIDS Research and Reagent Program] and SIV-Gag protein [peptide (4 μg/ml); single 
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pool of 125 peptides; catalog no. 12364; NIH AIDS Research and Reagent Program]. 

Stimulation with phorbol 12-myristate 13-acetate (80 ng/ml) and ionomycin (1 μg/ml) and 

unstimulated samples served as positive and negative controls. Cells were stimulated for 2 

hours, Golgistop and GolgiPlug were added, and stimulated for an additional 4 hours. For 

mapping SIV-specific T cell breadth, 125 individual (SIV)mac239 Gag peptides (catalog no. 

6204; NIH AIDS Research Reagent) were pooled into 12 minipools with ~10 peptides per 

pool. Similarly, 218 individual (SIV)mac239 Env peptides (catalog no. 6883; NIH AIDS 

Research Reagent) were pooled into 12 minipools having ~18 peptides per pool.

Enzyme-linked immunosorbent assay for ADA response

To measure the ADA response generated against the infused primatized EH12 

monoclonal antibody (mAb), plates were coated with the primatized EH12 mAb 

(2.5 μg/ml) in PBS overnight. Dilutions (1:50, 1:100, and 1:150) of plasma samples 

were incubated before the addition of mouse anti-monkey immunoglobulin G1 (IgG1)–

Biotin (SB108a, SouthernBiotech) to detect bound antibody. One hundred microliters 

of horseradish peroxidase–streptavidin was added at a dilution of 1:1000, and 3,3’,5,5’

tetramethylbenzidine (TMB) peroxidase substrate Kirkegaard and Perry Labs (KPL) was 

used for development. The reaction was stopped with 1 N H3PO4, and absorbance was read 

at 450 nm.

Immunohistochemistry and confocal microscopy

Tissue imaging of optimum cutting temperature (OCT) compound– embedded tissue 

sections was performed as described previously (20). Briefly, freshly harvested LNs from 

SIVmac239-infected macaques were fixed in 4% paraformaldehyde (PFA) for 30 min 

at room temperature followed by embedding in OCT compound and freezing. Ten- to 

20-μm-thick tissue sections were taken from frozen OCT blocks and adhered to highly 

adhesive glass slides. Tissue sections were blocked with 5% bovine serum albumin (BSA) 

in PBS supplemented with 2% donkey serum and 0.025% Triton X-100 for 1 hour at 

room temperature. After three washes with chilled PBS, tissue sections were incubated 

overnight with primary antibodies in 1% BSA and 0.025% Triton X-100 supplemented 

PBS. For investigating cytolytic CD8+ T cells inside BCFs, the primary antibody cocktail 

contained rabbit anti-hCD8 (Invitrogen, catalog no. MA1-81692), mouse GrzB (clone 

GB11, Invitrogen, catalog no. MA1-80734), and goat anti-hCD20 (LSBio, LS-B11144). 

The next day, the primary antibodies were washed off the slides three times using chilled 

PBS followed by incubation with secondary antibodies for 1 hour at room temperature. 

The secondary antibody cocktail contained anti-rabbit IgG–Alexa 488 (Invitrogen, catalog 

no. A21206), anti-mouse IgG– Alexa 555 (Invitrogen, catalog no. A31570), and anti–goat–

Alexa 405 (Abcam, catalog no. ab175664). Slides were washed three times with chilled 

PBS and mounted using anti-fade mounting media followed by confocal imaging. Imaging 

was performed on Olympus FV1000 using 20Å~ objective, and images were analyzed using 

ImageJ and QuPath using automated cell detection plugin.

In situ tetramer staining combined with immunohistochemistry

In situ tetramer staining combined with immunofluorescent staining was performed as 

previously described (20). Briefly, about 1- to 2-mm-thick sections of tissue were excised 
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manually using fresh LN by a surgical scalpel. Sections were incubated with 0.5 to 1μg 

of fluorescein isothiocyanate (FITC)–labeled tetramer loaded with SIV Gag CM9 (181 to 

189) (CTPYDINQM) peptide for 16 to 24 hours at 4ÅãC. Tetramer-treated sections were 

washed three times (20 min per wash) with chilled PBS followed by fixation with 2% PFA 

at 4ÅãC for 20 min. Next, fixed sections were washed with chilled PBS and incubated 

with primary antibodies. Two sets of staining were performed— the first panel had CD3, 

GagCM9 tetramer, and CD20 combination, and the other panel had CD8, GagCM9-tetramer, 

GrzB, and CD20 combinations. The primary antibodies for the first panel included rabbit 

anti-FITC (AbDSerotec), rat anti-hCD3 (Bio-Rad, catalog no. mca1477), and mouse anti 

hCD20 (NCL-L-CD20, L26). The primary antibodies for second panel included rabbit 

anti-FITC (AbDSerotec), rat anti-hCD8 (Invitrogen, catalog no. MA1-81692), and mouse 

anti-GrzB (clone GB11, Invitrogen, catalog no. MA1- 80734). After overnight incubation 

with primary antibodies, sections were washed thrice with PBS as mentioned before 

followed by a 2-hour incubation with corresponding secondary/tertiary antibodies. For 

the first panel, the secondary antibody cocktail constituted of anti-rabbit IgG–Alexa 488 

(Jackson ImmunoResearch), anti-mouse IgG–Alexa 555 (Molecular Probes), anti-rat IgG

Cy5 (Jackson ImmunoResearch). For the second panel, the secondary antibody cocktail 

constituted of anti-rat IgG–Alexa 647, anti-mouse IgG–Alexa 555, anti-rabbit IgG–Alexa 

488, and direct PacBlue conjugate against CD20. Slides were washed thrice with chilled 

PBS and mounted using anti-fade mounting media followed by confocal imaging. Imaging 

was performed on Olympus FV1000 using 20Å~ objective, and images were analyzed using 

ImageJ software and QuPath automated cell detection plugin.

Cell-associated DNA and RNA quantification

Cell-associated SIV-DNA and RNA were simultaneously measured in sorted CD4+ T 

cells from LN and blood as previously described (41). CD4+ T cells were sorted using 

a nonhuman primate CD4+ isolation kit (Miltenyi, catalog no. 130-092-144) as per the 

manufacturer’s protocol.

Statistical analyses

All graphs, significance, and correlations were analyzed using GraphPad Prism (v8). P 

values were calculated using Mann Whitney U or Wilcoxon test. Correlations were analyzed 

using nonparametric Spearman correlation and Pearson wherever indicated. Bonferroni 

correction was performed for multiple comparisons wherever applicable. P ≤ 0.05 was 

considered significant.
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Fig. 1. PD-1 blockade combined with the DNA/MVA vaccination enhanced expression of cytolytic 
protein in CD8+ T cells.
(A) Schematic of the study design. (B) Viral suppression kinetics after infection and ART. 

Geometric mean values for each group are shown. (C and D) Frequency of proliferating 

(Ki67+) (C) and cytolytic (GrzB+ denoted as GrzB and perforin+ denoted as Per) (D) 

CD8+ T cells during the course of vaccination. (E) Cytolytic (GrzB+ Per+) CD8+ T cell 

frequencies at the time of ATI. (F) CD4+ and CD8+ Treg frequencies at ATI. (G) The ratio 

of Tregs and cytolytic CD8 T cells at ATI. The color of the significance star denotes the 

group to which comparison was made. Black/gray, blue, and red color refer to the control, 

vaccine, and vaccine + PD-1 groups, respectively. Colored arrowheads in (C) denote group 

to which significance star belongs. P value was calculated using Mann-Whitney test. W, 

weeks; ART, antiretroviral therapy; Per, perforin. *P ≤ 0.05; **P < 0.01; ****P < 0.0001.
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Fig. 2. DNA/MVA vaccination induced robust and highly functional SIV-specific CD4+ and 
CD8+ T cell responses in blood.
(A and B) Longitudinal analyses of SIV-specific IFNγ+ producing CD4+ (A) and CD8+ (B) 

T cells. (C) Frequency of triple cytokine (IFNγ+IL-2+TNFα+) producing T cells (scatter 

plots) and the proportion of T cells making single (IFNγ+ or IL-2+ or TNFα+), double 

(IFNγ+TNFα+/ IFNγ+IL-2+/IL-2+TNFα+), or triple (IFNγ+IL-2+TNFα+) cytokines in 

response to Gag and Env peptide stimulations (pie charts). (D) CD4+ and CD8+ T cell 

breadth defined by the number of SIV peptide minipools (Env and Gag) against which 

CD4+ and CD8+ T cells produced one or more IFNγ+/IL-2+/TNFα+ cytokines. (E) 

Frequency of SIV Gag-CM9 tetramer–specific CD8+ T cells. (F) Expression of GrzB and 

perforin on Gag-CM9 tetramer– specific CD8+ T cells before and after the first MVA 
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boost. The color of the significance star denotes the group to which comparison was made. 

Black/gray, blue, and red color refer to the control, vaccine, and vaccine + PD-1 groups, 

respectively. P value was calculated using Mann-Whitney test. D, DNA; M, MVA; W, week; 

pre Vac, prevaccination. *P ≤ 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. DNA/MVA vaccination enhanced cytolytic CD8+ T cell localization in the LN.
(A) Frequencies of Ki67+ and GrzB+ Per+ Ki67+ CD8+ T cells. (B) SIV-specific IFNγ+ 

CD4+ and CD8+ T cell responses. (C to F) Quantification of total SIV Gag-CM9 tetramer–

specific CD8+ T cells using in situ Gag-CM9 tetramer staining at week 1 of final MVA. 

Representative images from ~10 different regions of a LN section per animal (N = 2 for 

vaccine and vaccine + PD-1 groups and 1 for ART-only control group). (C) Summary of 

data for total GagCM9 tetramer+ (D) and for tetramer+ GrzB+ cells (E). (F) Spearman 

correlation between total GagCM9+T cell and GagCM9+GrzB+ T cell density. (G and 

H) Quantification of total CD8+ T cells coexpressing GrzB using immunohistochemistry. 

Representative image from ~10 different regions of a LN section per animal (N = 6 for 

vaccine and ART-only control groups and 7 for vaccine + PD-1 group) (G) and summary of 

Rahman et al. Page 26

Sci Immunol. Author manuscript; available in PMC 2022 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data for all animals (H). The inset (white square) shows the representative region picked to 

show zoomed images on the right. The color of the significance star denotes the group to 

which comparison was made. Black/gray, blue, and red color refer to the control, vaccine, 

and vaccine + PD-1 groups, respectively. P value was calculated using Mann-Whitney test. 

*P < 0.05; **P < 0.01. Scale bar, 25 μm.
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Fig. 4. PD-1 blockade combined with the vaccination reduced SIV reservoir under ART in LN.
(A) Pre-ART VL set point between ART-only control, vaccine-only, and vaccine + PD-1 

group. ns, not significant. (B) Reservoir size (cell associated total SIV DNA per 106 

CD4+ T cells) between control, vaccine, and vaccine + PD-1 groups at pre-Vac (week 

16 after ART). (C) Spearman correlation between pre-ART VL set point and the SIV 

DNA reservoir at pre-Vac time point. (D) Reservoir size (cell-associated total SIV DNA 

per 106 CD4+ T cells) between control, vaccine, and vaccine + PD-1 groups at post-Vac 

(week 5 after final vaccination). (E) Reservoir fold reduction from pre-Vac to post-Vac time 

point. (F) Spearman correlation between fold reservoir reduction and CD8+GrzB+ T cell 

density inside BCF of the LN section at MVA2 + w1. Additional Pearson test showing 

significant correlation in vaccine + PD-1 group as indicated. (G to I) Transcriptionally active 

reservoir size (cell-associated total SIV RNA per 106 CD4+ T cells) between the control, 

vaccine, and vaccine + PD-1 groups at pre-Vac (week 16 after ART; G) and post-Vac (week 

5 after final vaccination; H). (I) Fold reduction in SIV RNA from pre-Vac to post-Vac 

time points. (J) Comparison between the magnitude of cell associated total SIV RNA 

(purple; transcriptionally active reservoir) and DNA (green; total reservoir). The color of the 

significance star denotes the group to which comparison was made. Black/gray, blue, and 

red color refer to the control, vaccine, and vaccine + PD-1 groups, respectively. *P < 0.05; 

**P < 0.01; ****P < 0.0001.
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Fig. 5. PD-1 blockade combined with the vaccination preserved CD8+ T cell functional quality 
and breadth after ATI.
(A) Longitudinal SIV-specific IFNγ+ CD4+ and CD8+ T cells in blood. (B) SIV (Gag + 

Env)–specific IFNγ+ CD8+ T cell in response in LN. (C) CD8 T cell breadth against SIV 

Gag and Env peptide pools (grid plot) and the respective quantification for each group is 

shown on the right. (D) Frequency of total Ki67+, CXCR5− Ki67+, and CXCR5+ Ki67+ 

CD8+ T cells expressing perforin in LN at 4 weeks after ATI. (E and F) Quantification of 

total CD8+ T cells coexpressing GrzB using immunohistochemistry. Representative images 

from ~10 different regions of a LN section per animal (N = 6 for vaccine and ART-only 

control groups and 7 for vaccine + PD-1 group (E) and summary of data for all animals 

(F). The inset (white square) shows the representative region picked to show zoomed images 
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on the right. (G) Frequency of GrzB+ CD8 T cells in the gut at 4 weeks after ATI. (H) 

Frequency of regulatory CD4 and CD8 T cells in the gut at 4 weeks after ATI. (I) The ratio 

of cytolytic CD8 T cells to regulatory CD4 and CD8 T cells. The color of the significance 

star denotes the group to which comparison was made. Black/gray, blue, and red color refer 

to the control, vaccine, and vaccine + PD-1 groups, respectively. P value was calculated 

using Mann-Whitney test. *P ≤ 0.05; **P < 0.01. Scale bars, 25 μm.
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Fig. 6. PD-1 blockade combined with the vaccination significantly suppressed viral rebound after 
ATI and maintained lower CD4 T cell activation in gut.
(A) Viral rebound after ATI compared with pre-ART set point VL. The arrowheads indicate 

that animals died because of AIDS-related complications. Animals given MVA at week 60 

in error are asterisked. (B) Viral suppression calculated as the difference between AUC of 

pre-ART (week 3 to week 10) set point viremia and post-ATI (week 3 to indicated week) 

set point viremia. (C) VL comparison between pre-ART set point and post-ATI viremia at 

weeks 10, 16, and 26. (D) Correlation of pre-ART VL with post-ATI VL shown at week 

10 after ATI. (E) Kaplan-Meier curve showing percentage of animal controlling viremia 

twofold below pre-ART set point VL. (F) Kaplan-Meier curve showing percent animal 

survival without AIDS after ATI. (G) Ki67+ CD4 T cells after ATI. (H) Longitudinal change 
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in the frequency of Ki67+ HLA-DR+ CD4 T cells after ATI. (I) Spearman correlation 

between the fold SIV DNA reservoir reduction (pre- to postvaccination) and the viral 

suppression (VL AUC differences between pre-ART, weeks 3 to 10, and post-ATI, weeks 3 

to 10 VL set points). (J) Spearman correlation between multiple CD8 T cell parameters and 

viral suppression (AUC differences) between pre-ART (weeks 3 to 10) and post-ATI (weeks 

3 to 10) VL set points. For analyses in (A) to (H), P value was calculated using Mann

Whitney test. To adjust for seven multiple comparison in (I), we performed Bonferroni 

correction. Assuming the overall significance level to be 0.05, the significance threshold 

for individual correlation is 0.05/7 = 0.007. Under this significance threshold, four of seven 

are considered significant. The color of the significance star denotes the group to which 

comparison was made. Black/ gray, blue, and red color refer to the control, vaccine, and 

vaccine + PD-1 groups, respectively. *P ≤ 0.05; **P < 0.01.

Rahman et al. Page 32

Sci Immunol. Author manuscript; available in PMC 2022 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Study design
	Combination of PD-1 blockade and vaccination enhanced the frequency and persistence of GrzB+ perforin+ CD8+ T cells in blood
	DNA/MVA vaccinations induced robust SIV-specific CD4+ and CD8+ T cells with polyfunctionality and breadth in blood
	DNA/MVA vaccination induced robust CD8+ T cells in the T cell zone and BCFs of the LN
	Combining PD-1 blockade with the vaccination preserved antiviral T cell functions and breadth upon ART interruption
	Combining PD-1 blockade with vaccination improved viral control and prolonged survival of the chronically infected monkeys after ATI

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Vaccines and immunizations
	Imiquimod treatment
	Anti–PD-1 antibody treatment

	Antibodies
	Phenotyping and intracellular cytokine staining
	Phenotyping
	Intracellular cytokine staining

	Enzyme-linked immunosorbent assay for ADA response
	Immunohistochemistry and confocal microscopy
	In situ tetramer staining combined with immunohistochemistry
	Cell-associated DNA and RNA quantification
	Statistical analyses

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

