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Abstract 

 

Novel Vaccines and Therapeutic Approaches Against HIV-1 

 

By Lynette S. Chea 

 

 

Currently, approximately 37 million people are infected with Human Immunodeficiency Virus-1 (HIV) 

world-wide and there is a great need for developing both preventative and functional cure approaches to 

control the epidemic. Advancements toward a preventive vaccine and functional cure for HIV have made 

significant progress in the past decade. A successful vaccine aims to achieve antibody and T cell 

responses of high magnitude and durability to prevent infection. Thus, the development of vaccine 

delivery vectors to generate potent immune responses is critical. Modified vaccinia Ankara (MVA) has 

been used as a promising viral vaccine vector for inducing vaccine-specific humoral and cellular 

responses against multiple infectious diseases including HIV. A primary goal of this dissertation was to 

further enhance the immunogenicity of MVA by targeting the apoptotic pathway induced after MVA 

infection of cells. We provide evidence that delaying apoptosis during MVA vaccination improves 

antigen-specific humoral responses. We generated an MVA expressing an anti-apoptotic gene B13R, 

MVA-B13R, and showed that MVA-B13R infection markedly delays apoptosis of infected cells. We 

further demonstrate that MVA-B13R expressing Simian Immunodeficiency Virus (SIV) and HIV 

antigens develop greater vaccine-induced humoral responses with enhanced durability. Interestingly, 

MVA-B13R immunization resulted in a delayed interferon response. These findings report a novel MVA 

that can be used as a vaccine vector for enhancing humoral immunity against multiple infectious diseases. 

 

HIV cure research aims to allow individuals to control viremia in the absence of anti-retroviral therapy 

(ART). Dysfunctional anti-viral immunity and persistence of the latent HIV reservoir are the main 

barriers to HIV cure. This dissertation additionally aimed to investigate the ability of PD-1 checkpoint 

blockade therapy combined with ART to restore and improve anti-viral immunity and reduce the HIV 

viral reservoir. Our findings demonstrate that this regimen enhanced anti-viral CD8+ T cell functionality 

and destabilized the viral reservoir leading to improved control of viral rebound after ART interruption. 

This study provides evidence that PD-1 blockade co-administered with ART can effectively enhance 

immune functionality during chronic SIV infection and establishes the foundation for identifying optimal 

HIV cure therapies. 
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HIV EPIDEMIOLOGY AND VIROLOGY 

HIV ORIGIN AND EPIDEMIOLOGY 

The global health community has been faced with the problem of human immunodeficiency virus (HIV) 

for over 30 years now, with nearly 37 million people in the world living with HIV in 2017 (1, 2).   The 

first cases of the devastating epidemic of Acquired Immunodeficiency Syndrome (AIDS) were reported in 

the United States in 1981 (3). This disease was initially associated with men who have sex with men, 

followed by injection drug users, people who had received blood transfusions, and finally the population 

at large (4). The scale and progression of this epidemic prompted world-wide efforts into identifying the 

cause and further understanding of the disease gripping the international community. In 1983, researchers 

at the Institute Pasteur, Paris, France isolated a new retrovirus from a lymph node biopsy sample of a 

patient with generalized lymphadenopathy which was then termed lymphadenopathy-associated virus 

(LAV) (5). Similar viruses were being isolated from patients with AIDS and it was this retrovirus that 

came to be known as HIV-1 (6, 7) 

 

Development of anti-retroviral therapy (ART) and educating individuals on HIV prevention strategies 

have contributed significantly to the drop in the number of new infections from 3.4 million in 1996 to 1.8 

million in 2017 (2).  According to the World Health Organization (WHO), 59% of adults and 52% of 

children with HIV were receiving ART in 2017. Key populations who are at increased risk of HIV 

acquisition are men who have sex with men, injection drug users, people in prisons, sex workers and 

transgender people (1). Despite these advances in therapeutic treatment, 940,000 people died from HIV-

related causes globally in 2017.  

 

The WHO African Region is the most affected region with 25.7 million people living with HIV and 

accounting for over two thirds of the global total of new HIV infections in 2017 (1). In sub-Saharan 

Africa, three in four new infections in adolescents aged 15 to 19 are girls and young women 15 to 24 

years of age are twice as likely to be living with HIV than men (2). In the United States, the Center for 
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Disease Control and Prevention (CDC) estimated 38,500 new HIV infections in 2015 with the Southern 

states accounting for more than half of these new infections (8, 9). While people receiving an HIV 

diagnosis live in urban areas in most of the United States, 23% and 21% of diagnoses in the South and 

Midwest, respectively, are in the suburban and rural areas (9).  

 

Our global HIV epidemic is considered most likely to have arose from zoonotic infections of simian 

immunodeficiency virus (SIV) from African primates (10). This transmission likely occurred via 

cutaneous or mucous membrane exposure to blood or bodily fluids from an infected primate. Bushmeat 

hunters are likely the first group to be infected with HIV (11). Sequence comparisons indicate that HIV-1 

is the result of cross-species transmissions of simian immunodeficiency virus (SIV) from chimpanzees 

while HIV-2 resulted from transmissions of SIV from sooty mangabeys (12). HIV-1 is more prevalent 

and pathogenic than HIV-2 and constitutes the majority of the HIV infections world-wide. HIV-1 is 

comprised of 4 lineages resulting from independent cross-species transmission events. The four groups 

are M (majority), O (outlier), N (non-M/non-O) and P with M being the pandemic form present across the 

globe (10). Groups N, O, and P differ in their distribution and represent a much lower frequency of all 

HIV-1 infections world-wide. Group M has at least 9 different subtypes (A, B, C, D, F, G, H, J, and K) in 

addition to circulating recombinant forms (CRFs) which are hybrid viruses with genes derived from 

different subtypes (13).  

  

HIV-1 VIROLOGY 

HIV-1 is lentivirus from the family of retroviruses which characteristically has an RNA genome within a 

capsid and lipid bilayer envelope (14). The HIV-1 genome is approximately 9 kb RNA and is encoded as 

two genomic-length RNA molecules packaged within the viral particle (15). The genome of HIV-1 

encodes nine open reading frames which include the Gag, Pol, and Env polypeptides that become 

subsequently proteolyzed into individual proteins. Gag is processed to yield four structure proteins that 
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comprise the HIV core and a small C-terminal protein: MA (p17), CA (p24), NC (p9), and p6 (16). CA is 

the capsid protein that participates in Gag assembly, formation of the conical capsid core, and regulation 

of the nuclear import of viral DNA (17). MA is the matrix protein that is involved in Gag targeting and 

binding to the plasma membrane in addition to incorporation of the envelope glycoprotein (Env) into new, 

immature virions. NC is the nucleocapsid protein that non-covalently attaches to the viral RNA for RNA 

encapsidation and also participates in Gag assembly. NC recruits the viral RNA genome into virions and 

facilitates assembly of virions (17). P6 is involved in Vpr incorporation and recruitment of the endosomal 

sorting complex required for transport (ESCRT) components which leads to release of immature virions. 

Pol encodes three enzymatic proteins that are integral to the viral life cycle and are also encapsulated 

within the particle: protease, reverse transcriptase, and integrase. The Env polypeptide, gp160, becomes 

cleaved to produce gp120 and gp41, the surface and transmembrane region of the main viral 

glycoproteins that are integral for viral entry. HIV additionally encodes non-structural or accessory 

proteins such as the transcription regulators Tat and Rev as well as Vif, Vpr, and Nef that are found 

within the viral particle. Vpu indirectly assists with virion assembly.  

 

The HIV-1 replication cycle begins with the virion binding to its receptor, CD4, and co-receptors on the 

cell surface. The marker CD4 was identified as the main receptor for HIV infection (18-20) and the 

required co-receptors, CCR5 and CXCR4, were identified by researchers nearly a decade later (21, 22). 

CD4 is expressed on T lymphocytes, monocytes, macrophages, and dendritic cells (DCs) (12). CCR5 is 

highly expressed on memory T cells, but not naïve T cells while CXCR4 is expressed on both subsets. 

CCR5 is also expressed on macrophages and DCs although at lower levels. The importance of CCR5 as a 

co-receptor is illustrated by the observation that patients that are homozygous for CCR5 deletion were 

resistant to HIV infection (23-25). The preferred target cell types for HIV infection are activated T cells 

with intracellular environments that appear to be more permissive to infection than resting cells (12). DCs 

are more difficult to be directly infected with HIV though have been shown to capture virus to facilitate 

trans-infection of neighboring T cells (26).  
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After receptor binding, Env undergoes conformational changes that allows viral fusion to the host cell 

membrane and begins the process of uncoating the viral capsid (4). Reverse transcriptase transcribes HIV 

RNA to double-stranded DNA, most likely occurring prior to uncoating and may in fact be responsible 

for capsid disassembly. Reverse transcriptase is an error-prone transcriptase which incorporates an 

incorrect nucleotide every 1500 to 4000 bases resulting in the high mutation rate observed with HIV (14). 

The pre-integration complex is formed and is transported to the nucleus of the cell. Here, viral integrase 

integrates the viral DNA into the host genome which allows for transcription of the viral genome. The 

integration of the viral genome into the host genome makes complete eradication of the virus in an 

infected individual incredibly difficult (12). Following translocation of RNA from nucleus, new viral 

proteins can be produced, which are transported to the cell surface for assembly of immature virions. 

Once released from the cell surface, protease cleaves the structural Gag precursor to form the mature, 

individual Gag proteins (MA, CA, NC, and p6) leading to morphological changes to the virion structure 

that results in a mature, infectious virion.  

 

The HIV gene expression pattern is complex and is regulated by the Tat and Rev viral proteins (27). For 

retroviruses, the long terminal repeat (LTR) serves as an extremely efficient viral promoter. The HIV-1 

LTR includes several upstream regulatory elements that serve as binding sites for cellular transcription 

initiation factors (28). Tat serves as a transactivator of viral transcription by stimulating elongation from 

LTR of the viral genome (29-31). Unlike typical transcriptional activators that bind DNA, Tat binds to the 

RNA hairpin trans-activating response element (TAR) at the 5’ end of a nascent viral transcript and 

promotes further elongation of the transcript (15). 

 

To yield the full complement of mRNAs required for viral protein synthesis, HIV primary transcripts 

undergo extensive and complex alternative splicing in the nucleus (27). More than 40 different spliced 

mRNA species can be detected within infected cells including incompletely and completely spliced 

mRNAs. As these unspliced or incompletely spliced mRNAs are typically degraded in the nucleus and 
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prevented from transport into the cytoplasm, retroviruses express regulatory factors such as Rev to avoid 

detection of intron-containing RNA which allows for their release from the nucleus. Rev interacts with a 

structured RNA element in the env gene, the Rev-responsive element (RRE) to transport unspliced and 

incompletely spliced mRNAs that encode structural proteins from the nucleus into the cytoplasm (32, 33).  

 

HIV encodes the accessory proteins Vif, Vpu, Vpr, and Nef to counteract host antiviral defenses. 

APOBEC3 (apolipoprotein B mRNA-editing catalytic polypeptide-like 3) proteins are cellular cytidine 

deaminases that restrict retrovirus replication by hypermutating the viral cDNA and inhibiting reverse 

transcriptase. Vif has been shown to inhibit and reduce the amount of APOBEC3 via proteasome-

mediated degradation and other mechanisms (34-36). Cellular tetherin normally prevents the release of 

budding viruses by tethering viral particles to the membranes and HIV encoded Vpu inhibits this effect 

(37, 38). Vpr is an auxiliary protein that is specifically incorporated into viral particles via direct 

interactions with the Gag precursor, so it is present upon viral entry of a cell (39-42). Vpr has also been 

shown to block proliferation of infected T cells (43-45) and mediates nuclear import of the viral pre-

integration complex which is critical for viral replication (46, 47). Vpx is a viral protein that is similar to 

Vpr that is encoded by HIV-2 but not HIV-1. Vpx and Vpr are small, 100 amino acid proteins with 20-

25% sequence similarity and are predicted to have similar structure (48, 49). Vpx inhibits cellular 

SAMHD1 (SAM and HD domain-containing protein 1) which serves to deplete pools of nucleoside 

triphosphates that is required for reverse transcription (50). HIV Nef serves as an viral adaptor protein 

that diverts cellular proteins in a manner that enhances viral replication (51). Nef has been shown to 

downregulate cell surface expression of CD4 (52-56) and major histocompatibility class I (MHC I) 

molecules (57-61), mediate cell signaling and activation (62-65), as well as enhance viral infectivity by 

CD4 independent mechanisms (66-71). Recently, SERINC3 and SERINC5 were established as novel 

HIV-1 restriction factors and Nef targeted these proteins to the endosome, thereby preventing their 

incorporation into budding virions (72, 73). 
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HIV PATHOGENESIS  

Studies of HIV pathogenesis since the early 1980s have revealed extensive details regarding the immune 

dysfunction HIV infection can induce. Rapid depletion of host CD4+ T cells as well as chronic systemic 

immune activation and dysregulation are hallmarks of HIV infection. Sexual transmission of HIV in 

semen or mucosal surfaces reports the most common route of HIV transmission globally where typically 

one founder virus is transmitted (74, 75). During this acute phase of infection, HIV rapidly replicates and 

leads to induction of inflammatory cytokines and chemokines (76). Though difficult to identify 

individuals during the early acute phase of infection, SIV non-human primate models of infection have 

indicated that partially activated CD4+ T cells of the genital mucosa are the first targets of infection and 

propagation of SIV continues in susceptible activated CD4+ T cells (77). The virus will then migrate to 

the gut-associated lymphoid tissue (GALT) where it results in massive depletion of memory CD4+ T cells 

which has also been shown to occur to HIV+ individuals (78-82).  

 

For approximately two to four weeks following infection, infected individuals experience a symptomatic 

phase that includes fever, lymphadenopathy, rash, and/or malaise  (12, 83). During this phase, the virus 

disseminates systemically leading to seeding of lymphoid tissues and establishment of HIV reservoirs. 

Detectable viremia in patient plasma typically peak at during this time which can range from 1 to 10 

million copies of HIV virus per milliliter (84, 85). HIV-specific adaptive immune responses are generated 

during this time which lead to the drop in plasma viremia levels of patients leading to a steady set point 

viral load which results in approximately 100-fold decrease (12). The set point levels of patients in the 

absence of anti-retroviral therapy (ART) are important as set point levels correlate with clinical outcome 

wherein patients with higher viral loads typically progress to acquired immune deficiency syndrome 

(AIDS) more rapidly (86).  
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CELLULAR IMMUNE RESPONSE TO HIV 

The role of HIV-specific cellular responses during HIV pathogenesis have been under intense study with 

the goal of understanding what types of responses could contribute to protection or control of the virus. 

Below, the role of HIV-specific CD4+ cells during pathogenesis and control of HIV is outlined. HIV-

specific CD8+ T cells are one arm of the adaptive immune response that is believed to contribute to 

reduction of infected cells and plasma viremia (75). The rise of these virus-specific cells will often place 

immune pressure on the virus leading to selection of viruses with escape mutations to avoid CD8+ T cell-

mediated killing. Here, the role of CD8+ T cells during HIV infection and their dynamics in the lymphoid 

and mucosal tissues will be reviewed.  

 

ROLE OF CD4+ T CELLS  

The contributions of CD4+ T cell responses to disease progression of HIV are not as well studied as 

CD8+ T cell responses are (discussed below). Preferential infection of CD4+ T cells as target cells and 

the fear of generating vaccine-induced CD4+ T cells that may subsequently serve as target cells likely 

contributed to research efforts primarily focusing on CD8+ T cell responses. The early depletion of bulk 

memory CD4+ T cells results from productive infection, bystander activation-induced death along with 

abortive viral infection leading to pyroptosis  (79, 87, 88). Despite this however, Gag-specific CD4+ T 

cell responses are detectable in patients with active and progressive infection with non-progressive 

patients experiencing higher frequencies (89). The early disruption seen in CD4+ T cell levels affects the 

immune system in a wide-ranging manner. CD4+ T cells provide helper cell functionality to help in the 

induction and maintenance of CD8+ T cells. Additionally, CD4+ T cells, particularly in the form of Tfh 

cells, are critical for the induction of B cell proliferation, antibody production and maturation. These Tfh 

cells are however a double-edge sword as they contribute largely to the latent reservoir as discussed in the 

Reservoir section below.    
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More recently, there have been studies to understand the role of HIV-specific CD4+ T cell responses 

during acute infection and their evolution into chronic infection. In a cohort of acutely infected 

individuals that spontaneously controlled their viremia, these individuals had significant expansion of 

HIV-specific CD4+ T cell responses compared to typical viremic progressors (90). The expansion of 

these cells was characterized by robust cytolytic activity and expression of a distinct perforin and 

granzyme profile. The levels of granzyme A+ HIV-specific CD4+ T cells observed at baseline proved to 

be predictive of slower disease progression indicating a role for these cells in contribution to control of 

viremia. Another study showed that the breadth and magnitude of HIV-specific CD4+ T cell responses 

remained fairly stable from the acute to chronic phases of infection (91). Epitopes for CD4+ T cell 

responses are present in all HIV viral proteins, but many of them are for the Gag and Nef proteins (92). 

The level of Gag-specific CD4+ T cell responses inversely correlated with set point viremia during 

chronic infection in multiple studies while the opposite was observed with Env-specific CD4+ T cell 

responses (91, 93, 94). Analysis of HLA class II-restricted CD4+ T cell responses led to the discovery 

that HLA-DRB1*15:02 and HLA-DRB1*1303 are significant HLA-DRB1 alleles that associate with low 

viremia (95, 96). Early ART treatment in infected individuals have been shown to lead to better 

maintenance and proliferative capacity of CD4+ T cells (97, 98). These HIV-specific responses are 

considered to be beneficial during the acute phase and does not necessarily promote disease progression.  

 

ROLE OF CD8+ T CELLS  

While HIV is characterized by the significant loss of CD4+ T cells, CD8+ T cell immune responses been 

shown to have a role in control of HIV and disease progression (99, 100). Early studies demonstrated the 

ability of CD8+ T cells from HIV infected individuals to inhibit HIV replication in vitro though these 

individuals still progressed to AIDS (101). Additional assays confirmed that functionality and presence of 

virus-specific CD8+ T cell responses through ELISpots for interferon- (102) and intracellular cytokine 

stimulation assays (103). The development of peptide MHC tetramers that allowed for detection of 



  

 

10 

epitope-specific CD8+ T cells also documented the significant presence of HIV-specific CD8+ T cell 

responses (104).  

 

The role of these virus-specific CD8+ T cells during the course of HIV infection and how they shape 

disease progression has been implicated through viral evolution studies, analyses of host genetics, and 

experimental studies. The emergence of virus-specific CD8+ T cells during acute infection in individuals 

has been associated with the initial control of viremia resulting in set point viral load levels (105, 106). 

The role of these cytotoxic T lymphocytes (CTLs) in the course of disease progression is also 

demonstrated by analysis of viral sequences from infected individuals which showed immune selection of 

HIV that was CTL mediated (107). As mentioned above, typically a single transmitted founder virus 

establishes infection in an individual. Diversification of this single genetic variant is observed at peak 

infection time points as inferred by single genome amplification and sequencing of plasma virion RNA 

(108, 109). The single genome amplification technique also allowed for detection of viral evolution at 

sites of CTL pressure during peak viremia which leads to viral diversification and generation of viral 

quasispecies (110). These observations in viral evolution, particularly at CTL epitopes sites of the virus, 

are signs of CD8+ T cell directed immune pressure on HIV.  

 

It is difficult to study the early phase of immune responses after HIV infection as individuals are not 

typically aware of their infection status during the acute infection phase. However, there have been 

studies that have shown that early events during this acute phase of infection predict disease progression 

in individuals (86, 111). The virus-specific T cell responses that initially emerge during this period are 

shown to be very narrowly directed with responses to autologous virus focused on only one to three viral 

epitopes (110). Studies have shown that these acute responses are predominantly generated against Env 

and Nef epitopes (110, 112, 113). These focused responses then begin to diversity after viremia levels 

reach set point (102, 114). This increased breadth of response is also evidenced by the increase in number 

of HLA alleles involved in recognizing HIV-infected cells (115, 116). The presence of high avidity HIV-
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specific CTLs were shown to be higher during early infection than in the later chronic phase and that 

maintenance of these high avidity cells was associated with low level set point viral loads (117). Studies 

using large cohorts of patients to determine host genetic factors that contribute to disease progression 

implicate the role of CTLs in driving disease progression. The strongest association with disease outcome 

and progression to AIDS found in these studies was expression of certain HLA class I alleles, in particular 

HLA-B*35 and HLA-B*57 (118-120). Individuals with the HLA-B*57 allele are associated with low set 

point viral loads and long-term non-progressive chronic HIV infections (119-131). These long-term non-

progressors (LTNPs) are associated with slower disease progression, have HLA-B*57-restricted CTL 

responses that dominate early responses, and have reduced symptoms during the acute phase. Together, 

these studies highly suggest a role for HIV-specific CD8+ T cells in the control of viremia and delaying 

the onset of AIDS.  

 

To experimentally determine the role of CD8+ T cells during HIV infection, scientists have used models 

of HIV pathogenesis in non-human primates. Rhesus macaques infected with SIV exhibit hallmark 

characteristics of HIV infection in humans. In SIV-infected rhesus macaques that had reached a steady set 

point level of viremia, depletion of CD8+ T cells via antibody administration resulted in large increases in 

plasma viremia which waned as CD8+ T cell levels reemerged demonstrating the importance of CD8+ T 

cells during chronic infection (132, 133). A role for CD8+ T cells during suppressive ART therapy has 

also been demonstrated. ART regimens prevent infection of new target cells as well as prevent production 

of new, infectious virions and when ART regimens are interrupted, rapid viral rebound occurs. The role 

of CD8+ T cells in maintaining suppression of viremia under ART was demonstrated when SIV-infected 

rhesus macaques treated with ART were depleted of CD8+ T cells. These animals exhibited significant 

increases in plasma viremia in the absence of their CD8+ lymphocytes which came under control when 

CD8+ T cells reemerged (134). Together, these experimental studies indicate a function of CD8+ T cells 

in maintaining control of viremia in infected individuals.  
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The mechanisms underlying the importance of CD8+ T cells during acute and chronic HIV infection are 

still debated as precise correlates of protection are still being determined. The ability of HIV-specific 

CD8+ T cells to lyse virally infected cells (CTLs) as well as produce cytokines and chemokines such as 

IFN, IL-2, TNF, MIP-1 (CCL3), MIP-1 (CCL4), and RANTES (CCL5) are important anti-viral 

properties though the relative contributions of these functions to viral control are still debated (135, 136). 

The role of -chemokines (CCL3, CCL4, CCL5) during an immune response is to recruit leukocytes to 

the site of injury or infection by binding to the CCR5 receptor expressed on cells (100). Production of 

these -chemokines can help prevent infection of new target cells by directly competing for CCR5 

binding by HIV virions as well as reducing CCR5 expression on target cells in vitro though the role of 

these chemokines in vivo is not well defined (137, 138). There are indications that early during infection 

the cytolytic functionalities of CD8+ T cells are more important than cytokine production. CD8+ T cells 

expressing high levels of perforin were shown to correlate with control and have a role in selection of 

early virus escape mutants (139). During chronic infection, the lytic potential of CD8+ T cells contribute 

to control but other anti-viral functions of these cells may become more important (140). Overall, it is not 

abundantly clear to the field exactly what CD8+ T cell functionalities are necessarily important for the 

long-term control of HIV and prevention of viral dissemination.  

 

CELLULAR DYNAMICS IN THE MUCOSAE 

Most studies on HIV pathogenesis in humans utilize peripheral blood samples to understand cellular and 

humoral dynamics during infection though the majority of HIV replication is known to occur in the 

mucosal and lymphoid issues. It is not entirely clear if the responses detected in the blood are necessarily 

representative of responses found at these sites of replication (100). Studies utilizing SIV pathogenesis 

models sought to answer elucidate the dynamics of cellular responses at these sites. The gastrointestinal 

tract is one of the most important organs in the pathogenesis of HIV/SIV (141). The GALT is not only 

one of the largest, but also one of the most important sites of viral persistence in SIV-infected rhesus 
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macaques (142). Here, activated, memory CD4+ CCR5+ T cells undergo massive depletion as observed 

in SIV+ rhesus macaques (143, 144) as well as in humans (79, 81, 82). These cells of the lamina propria 

are considered the major targets for infection (79, 82, 145, 146). Depletion of specific CD4+ T cell 

subsets that contribute to disease pathogenesis have additionally been observed. CD4+ T helper cells that 

express IL-17 (Th17 cells) in the lamina propria are important mediators of the immune response in the 

gut and are induced by the microbiota (147). Th17 cells produce IL-17 and IL-22 which help promote 

neutrophil infiltration during a bacterial infection, help to maintain mucosal epithelial integrity, and 

induce production of antibacterial defensins (148). These Th17 cells are observed to be rapidly depleted 

in the intestinal tract during infection (148-152). The loss of this cell subset is associated with the loss of 

intestinal mucosal integrity resulting in microbial translocation. This disruption of the mucosal epithelial 

barrier and subsequent release of bacterial products such as LPS, flagellin, or CpG-containing DNA from 

the intestine to the circulation likely contributes to the chronic systemic immune activation observed 

during disease progression (148, 153, 154). Immunosuppressive regulatory CD4+ T cells, Tregs, are 

abundant in the intestinal tract and are also disrupted during HIV infection (155). In SIV infected rhesus 

macaques, the increased frequency of Tregs detected in the gastrointestinal tract of animals were 

correlated with their viral loads indicating a role for Tregs in suppressing anti-viral responses (156). With 

regards to CD8+ T cell responses, virus-specific CTLs were observed to have emerged in the intestine at 

the same time as the blood (157). During the chronic phase, the frequency of CTLs detected in the blood 

were higher than that observed in the mucosal tissue indicating the importance of CTLs at a major site of 

viral replication (158). In dissecting the contributions of cytokine producing HIV-specific CD8+ T cells 

of the gut mucosa of humans, significant associations were found between disease status and the 

polyfunctionality of CD8+ T cells producing IFN, IL-2, TNF, MIP-1, and CD107a (159, 160). 

 

CELLULAR DYNAMICS IN LYMPHOID TISSUES 

The lymph nodes (LNs) are secondary lymphoid organs that are important sites for generating antigen-

specific cellular and humoral adaptive immune responses in germinal centers (GCs) and possess a 
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regulated cellular architecture (161). As a site of constant local inflammation and altered tissue 

architecture, the lymphoid tissues hold a key role in HIV pathogenesis as an environment ripe for viral 

evolution and persistence of the viral reservoir, particularly in T follicular helper cells (Tfh) (162). Tfhs 

interact with B cells to promote B cell activation, affinity maturation, somatic hypermutation, and aid in 

their differentiation into memory B cells and plasma cells. Tfhs have been observed to aberrantly 

accumulate in GCs during chronic HIV (163, 164) and SIV infection (165-168) and very likely contribute 

to systemic immune activation as well as hypergammaglobulinemia and activation of GC B cells (166).  

 

Given the persistence of virus in the LNs, the presence of CD8+ T cells is to be expected though their 

ability to localize, detect, and eliminate virally-infected cells currently under debate. Early studies have 

shown that HIV-specific CD8+ T cells were found at a greater frequency in the LNs than was detected in 

peripheral blood of infected individuals (169). Subsequent studies demonstrated that these anti-viral CTLs 

had limited ability to access the follicles of LNs where HIV replication is thought to occur (170, 171). 

These effector CD8+ T cells were shown to lack the receptors such as CXCR5 required for B cell follicle 

entry thereby preventing detection of latently infected Tfh cells (170, 172-175). This is also indicated 

through the observation that HIV- and SIV-specific CTL frequencies are lower within follicles compared 

to extrafollicular regions (170, 171, 175-178).  

 

It is under debate whether the CD8+ T cells that can enter the follicle also have effective cytolytic 

functionalities. In situ studies from SIV-infected rhesus macaques show follicular CD8+ T cells in contact 

with Tregs and were shown to express PD-1 indicating potentially less cytotoxic potential (179). Other 

studies indicate that follicular CXCR5 expressing CD8+ T cells are potently cytolytic against HIV RNA+ 

cells, have better IFN production capabilities than CXCR5- cells, and express less markers of exhaustion 

(180). In HIV+ patients, the study was able to show that virus-specific CXCR5+ CD8+ T cell numbers 

were inversely correlated with patient viral load and that these cells had higher levels of perforin than 

CXCR5- cells. Though follicular CXCR5+ CD8+ T cells may be a rarer population than CXCR5- cells, 
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they may also be more cytolytic as well. Another study showed that follicular CD8+ T cells from the 

lymph nodes exhibited higher cytolytic activity via granzyme B and perforin expression than 

extrafollicular CD8+ T cells though they also expressed a lower polyfunctional cytokine profile and 

higher PD-1 expression (181). In a rhesus macaque model, the expansion of SIV-specific CXCR5+ CD8+ 

T cells in the lymph nodes, which demonstrated enhanced polyfunctionality and were able to restrict 

proliferation of antigen-pulsed Tfh cells in vitro, was associated with greater control of viremia (182). 

Meanwhile, there are other groups that contend that these cells are a new subset of CD8+ follicular Treg 

cells due to their low expression of perforin, increased expression of the inhibitory molecule Tim-3 and 

IL-10, and ability to modestly limit Tfh IL-21 production (183). These cells were also shown to inhibit 

Tfh expansion, antibody production, and autoimmunity implicating their role in suppression of the 

immune response (184, 185). It is yet unclear the role of follicular CD8+ T cells in HIV infection and 

elucidation of their contributions to pathogenesis will be important to future vaccine strategy efforts.  

 

HIV CONTROLLERS 

There is a subset of HIV-infected individuals known as HIV controllers who are able to control viremia to 

extremely low levels without the use of ART. This highly effective control of viremia is seen in 

approximately 7% of infected patients, but the control is typically transitory and does not last beyond 12 

months (186). If the control is observed past 12 months, the chances of maintain undetectable viremia for 

years is significantly improved. Controllers are able to maintain plasma viral load levels below 50 

copies/ml, the typical threshold of detection, and they account for less than 0.5% of infected patients 

(187-190). The viremia of HIV controllers reaches similar levels to that of ART treated patients with a 

median viremia of 2 copies/ml in one cohort studied (191-194). Many studies indicate that host factors of 

these individuals help to control the virus as these patients have non-symptomatic primary infections, 

maintain high CD4+ T cell levels, control viral replication, and have lower levels of viral reservoir in the 

blood (120, 186, 187, 190, 195, 196). The latent reservoirs in these patients are also observed to be 
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smaller than that of ART treated patients (195, 197, 198). These observations indicate that factors related 

to control are occurring early after infection (187).  

 

The focus of research on HIV controllers aims to understand the mechanism of viral control in these 

individuals in order to inform vaccine study designs, so much analysis has been performed on their 

cellular responses (199). In controllers, HIV-specific CD8+ T cells had a greater ability to proliferate 

compared to viremic progressors and these controllers were associated with the protective HLA-B*57 

allele (120, 200, 201). These virus-specific cells were shown to be able to effectively suppress viral 

replication in CD4+ T cells by killing without exogenous stimulation which was not observed in 

progressors or ART treated patients (201). This was also shown to be associated with effective loading of 

perforin and granzyme B in CD8+ T cells in controllers (202, 203). Studies also have shown that HIV 

controllers had increased frequencies and functionality of Gag-specific CD8+ T cells in the rectal 

mucosae and this was more strongly associated with controller status than responses in the periphery 

would indicate (160, 204). Strong CD8+ T cell responses at the intestinal mucosae suggest that these 

cellular responses contribute to reduce CD4+ T cell depletion and preserve rectal mucosal integrity. 

CD4+ T cell responses in controllers were also observed to be well maintained (93). Controller CD4+ T 

cells also express less of the negative immunoregulatory molecule CTLA-4 (205). This coincides with the 

observation that these CD4+ T cells maintain their ability to secrete IL-2 and proliferate after Gag 

stimulation as well as have better preservation of their central memory cell population (206, 207). These 

observations are consistent with functional CD4+ T cells helping to drive and sustain the anti-viral CD8+ 

T cell response observed.  

 

HUMORAL IMMUNE RESPONSE TO HIV 

HIV-specific humoral responses are induced early during acute infection though these responses do not 

lead to control of viremia. As Env gp120 and gp41 are required for viral entry and their conserved regions 

are functionally required, it is assumed that antibodies targeting the correct regions on Env would be 
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effective at blocking infection (208, 209). Virus-specific IgM and IgG complexed to HIV are detectable 

in plasma of patients at approximately 8 days after transmission (210). Free plasma antibody targeting 

Env gp41 appeared by approximately 13 days after detection of plasma viremia while Env gp120-specific 

antibodies appeared two weeks later (210). This initial humoral response is directed against non-native, 

non-neutralizing Env epitopes which is in line with their inability to control viremia during acute 

infection. During chronic infection, the Env-specific antibody responses are observed to be short-lived 

with their levels increasing and decreasing particularly in the presence of ART where viremia and thus 

antigen is reduced (211, 212). Some of the conserved regions on Env where targets for antibody binding 

reside are poorly immunogenic (213).  

 

Neutralizing antibodies (NAb) specifically bind to pathogens to abrogate the pathogen’s ability to infect 

host cells and in HIV infected individuals. NAbs, which can neutralize 70-80% of HIV strains with a 

degree of potency, take months to develop against the autologous virus. NAbs against a patient’s 

transmitted founder virus does not typically develop until approximately 3 months after transmission has 

occurred (214, 215). HIV Env is such that regions that are susceptible to neutralization are shielded from 

the reach of antibodies (216-220). Glycan shields make up more than half the molecular weight of the 

Env protein thereby masking and hindering a NAb from reaching conserved susceptible epitopes. 

Variable loops on Env also aid in making important neutralizing epitopes. Other Env epitopes are 

recessed from the surface, are only transiently exposed, or otherwise are spatially inaccessible to these 

antibodies. The eventual development of NAb responses are considered too late to prevent establishment 

of infection and latency (221).  

 

Broadly neutralizing antibodies (bNAbs) are only developed by a small proportion of infected individuals 

and these typically take years to develop. Approximately 20% of chronically infected individuals make 

antibodies with some NAb breadth and only 2% of those chronically infected develop bNAbs which are 

NAbs that can broadly and potently neutralize most HIV strains tested (222-225). BNAbs are difficult to 
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develop as they possess unusual antibody characteristics in regard to having a high degree of somatic 

hypermutation, long heavy chain complementary determining region 3 (CDR3), and are typically 

polyreactive (222, 226, 227). For infected individuals, development of these bNAbs occur too late during 

infection to help with disease progression, but they have become a field of intense study for use in novel 

preventative and therapeutic treatments (228).   

 

Non-neutralizing antibodies (non-NAb) are pathogen-specific antibodies that do not inhibit infectivity but 

serve to tag pathogens or infected cells for destruction by innate effector cells. Binding of the non-NAb 

Fc (crystallizable fragment) region to Fc receptors (FcR) on innate cells signals the cell to clear the 

opsonized target. IgG-specific FcR are differentially expressed on innate cells and lead to different 

pathogen clearance mechanisms. Phagocytes mediate antibody-dependent cellular phagocytosis, while 

natural killer cells perform antibody-dependent cell-mediated cytotoxicity (ADCC) by releasing granules 

and utilizing Fas/FasL interactions to induce cell death. (229, 230). ADCVI, or antibody-dependent cell-

mediated virus inhibition, is a metric of antibody-mediated antiviral activity of FcR-bearing cells that 

measures ADCC, beta chemokine production, and phagocytosis. The role of non-NAb in HIV still 

remains to be completely elucidated, though some investigators have demonstrated the potential for non-

NAb to contribute to protection and control of SIV (231, 232). Antibodies that perform ADCC functions 

arise during acute infection and these responses are seen to be cross-reactive, can target diverse strains of 

HIV, but also appear to develop too late during infection to help mediate viral control (222). 

 

ANTI-RETROVIRAL THERAPY  

The advent of anti-retroviral therapy (ART) that targets the main steps of the viral life cycle is considered 

one of the greatest achievements in modern medicine. When the regimen is properly adhered to, viremia 

in patients is reduced by multiple orders of magnitude in a matter of weeks (12, 233). The degree of 

suppression that can be achieved with combination ART is such that viral evolution and emergence of 

drug-resistant mutations are prevented. ART also dramatically reduces the systemic levels of 



  

 

19 

inflammation and immune activation present during chronic infections (234). In the absence of viral 

replication, the immune system is able to recover much of the functions it had lost, and AIDS is 

prevented. However, even with durable long-term suppression by ART, many still fail to restore optimal 

immune functionality even after years of treatment.  

 

There are five therapeutic classes of ART drugs that target specific steps of the viral life cycle: I) 

nucleoside reverse transcriptase inhibitors (NRTI), II) integrase strand transfer inhibitors (INSTI), III) 

non-nucleoside reverse transcriptase inhibitors (NNRTI), IV) protease inhibitors, and V) entry inhibitors 

(12). NRTI are analogues of natural nucleosides or nucleotides and are preferentially incorporated into the 

HIV DNA leading to termination of DNA synthesis thereby inhibiting reverse transcriptase activity. 

Combination therapies comprising three drugs typically consist of at least two NRTIs plus an additional 

inhibitor. First line regimens with two NRTIs include tenofovir and emtricitabine or abacavir and 

lamivudine at a fixed dose given once daily. Zidovudine (AZT) and stavudine are not as widely used in 

developed countries due to associations w anemia, neuropathy, hepatic steatosis, lactic acidosis, and 

lipoatrophy causing them to be phased out due to these toxicity effects. INSTIs such as dolutegravir and 

raltegravir prevent the HIV genome from being integrated into the host genome. These drugs are 

considered potent, well-tolerated, and safe for use (235-237). NNRTIs inhibit reverse transcriptase in a 

different manner than NRTIs do. These drugs bind a pocket near the active site of reverse transcriptase 

that causes a conformational change in the enzyme which inhibits its activity. These drugs are considered 

potent, safe, and easy to produce. Protease-mediated enzymatic cleavage of Gag into individual functional 

proteins is required for the virion maturation and budding process of the viral life cycle. Protease 

inhibitors block this step and when administered in combination with two nucleoside analogues is 

considered a highly effective combination therapy. Darunavir and atazanavir are two of the most widely 

used protease inhibitors. Entry inhibitors such as maraviroc prevent HIV from entering the cell. 

Maraviroc binds CCR5 on cells to prevent CCR5-mediated HIV entry of the target cell. Enfuvirtide is an 

inhibitor that binds HIV directly. The development of these drugs that target specific steps of the HIV life 
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cycle allow for decades of viral suppression and improvement in life expectancy of HIV infected 

individuals.  

 

ART alone however cannot eliminate HIV infection due to the persistence of the viral reservoir. In 

patients undergoing ART treatment, studies have shown that the decay in reservoir levels have a half-life 

of 44 months, implying that reservoir eradication with ART alone would require over 73 years (238). 

Another issue related to combination ART is the emergence of drug-resistant viral mutants. Incomplete 

adherence to the treatment regimen will lead to suboptimal suppression and allows for viral replication. 

This allows for a greater possibility that mutations will occur and selection of viral variants that are 

resistant to ART. Mutations emerge rapidly for NNRTIs and some NRTIs, but emerge more slowly for 

most NRTIs and INSTIs (12). It is rarer for mutations against protease inhibitors to occur. The prevalence 

of drug resistance in transmitted HIV variants is in the rage of 5-15% in high income countries (239-242). 

 

HIV RESERVOIR 

One of the central challenges to HIV eradication is the persistence of quiescent, replication-competent 

proviral genomes present in resting CD4+ T cells despite highly suppressive ART (106, 238, 243-247). 

These cells represent the latently infected HIV viral reservoir that serves as the source of viral rebound 

that occurs after ART interruption. The latent reservoirs are undetectable by the immune system as they 

do not express viral antigens and thus do not appear infected. Additionally, they are impervious to the 

actions of ART drugs that target various steps of the viral life cycle (248, 249). In patients under 

suppressive ART, the levels of the latent reservoir have been shown to be stable and decays slowly (238, 

250). Despite efforts in vaccine development and other preventative strategies, it is also important to help 

the millions of individuals that are currently infected. HIV eradication efforts (sterilizing cure) or cure 

research which aims to allow HIV-infected individuals to control viremia in the absence of ART 
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(functional cure) are currently areas of intense study. Development in these areas would help alleviate the 

burden of continuous medical care and lifelong treatment with ART in affected individuals.  

 

The establishment of the latent reservoir has been shown to be established within days of infection and 

established in a small fraction of the first subset of cells to become infected (251, 252). As mentioned 

previously, in patients under highly suppressive ART, the decay in the reservoir levels has been shown to 

have a half-life of approximately 44 months which implies that eradication of the reservoir solely with 

ART would require over 73 years of therapy making eradication efforts with ART alone unlikely (238). 

Early administration of ART in infected patients has been shown to limit HIV replication, been associated 

with lower levels of integrated HIV DNA and lower frequencies of latently infected cells (253-255). It is 

of note that the majority of HIV DNA genomes detected in cells by quantitative PCR methods contain 

lethal mutations or deletions of the integrated viral DNA implying these infected cells are unlikely to 

produce replication-competent virus (256, 257). Other assays such as the quantitative viral outgrowth 

assay (QVOA) measured the replication-competent HIV reservoir though it is time consuming, expensive, 

and requires a large number of cells.  

 

Detection of replication-competent HIV indicates that the central memory subset of CD4+ T cells are the 

main pool of the latent reservoir (258). Specifically, it has been identified that central memory CXCR5 

expressing T follicular helper cells (Tfh) preferentially harbor HIV DNA in ART-suppressed patients and 

constitute a major proportion of the HIV viral reservoir (163, 164, 166, 259, 260). In addition, these cells 

that contain HIV DNA and can express HIV RNA were found to preferentially express the immune 

checkpoint markers LAG-3, PD-1, and TIGIT (261). The intracellular environment of the reservoir cells 

and the molecular mechanisms that allow for establishment of latent infection are not yet completely 

understood. There are likely multiple pathways which lead to latent infection though it is thought that 

resting T cell infection occurs as an activated T cell is in the process of reverting to a resting state. In this 

reversion process, the T cells could support the early phases of viral infection such as reverse 
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transcription and integration but the later steps of the viral life cycle are halted as cells reach a resting 

state (262). The mechanism of persistence of reservoir cells are still to be fully elucidated though cells 

with proviral DNA has been shown to undergo proliferation thus likely contributing to ongoing 

persistence (263-266).  

 

LATENCY REVERSAL  

There has been much work in recent years to target the latent reservoir in order to disrupt or reverse HIV 

latency. The attempts aim to induce viral reactivation in the reservoir, cause expression of viral antigens 

in reactivated cells, and lead to eradication of these cells through immune clearance mechanisms (248, 

249). These latency reversing agents (LRAs) target host cell HIV latency promoting pathways to lead to 

HIV provirus expression. Various in vivo attempts have been shown to reverse latency as measured by 

increased expression of cell-associated HIV RNA, but this was not concomitantly seen with reduction in 

replication-competent HIV or persistent infection (267-270). Another approach to generating a functional 

cure includes combining LRAs with treatments to improve immune-mediated clearance of infected cells 

termed the shock and kill approach. The goal of this is to improve elimination of reactivated cells through 

reversing latency in reservoir cells (“shock”) and generation of virus-specific immune responses that will 

target and clear the reservoir (“kill”). The immune-based strategies include vaccines, antibody treatment, 

and immunotherapy to enhance T cell functionality (271, 272).  

 

One of the best-validated targets for clinical development of LRAs include epigenetic silencing of HIV 

transcription (273, 274). Histone deacetylases (HDACs) play a role in the establishment and maintenance 

of latency. Drugs that target and inhibit HDAC activities have been demonstrated to induce HIV 

transcription in latently infected cells. The HDAC inhibitors that have been tested most in the clinic for 

HIV latency reversal include vorinostat, romidepsin and panobinostat (267-270, 275, 276). Development 

of molecules that alter metabolism and activation status of reservoir cells is another approach. Resting 

cells express low levels of the co-activating factors NF-B and NFAT and increasing their expression 
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may lead cells to induce transcription of the proviral genome (277-279). Agonists for toll-like receptors 

(TLRs) are another attempt to reverse in vivo latency via modulating the intracellular environment of 

reservoir cells (280-285). Many of these small molecules have been tested now in clinical studies and 

have demonstrated increased RNA transcription though not necessarily in the number of infected cells. 

Further development of approaches that lead to the shock and killing of the latent reservoir are required.   

 

T CELL EXHAUSTION 

PD-1: IMMUNE CHECKPOINT MARKER  

T cell activation is a highly regulated process beginning with initial co-stimulatory signals that need to 

accompany peptide-MHC complexes binding to cognate T cell receptors (TCR) in addition to the co-

inhibitory signals required to aid in the contraction of an immune response to avoid autoimmunity. The 

co-inhibitory checkpoint receptors programmed cell death protein 1 (PD-1) and cytotoxic T lymphocyte 

antigen 4 (CTLA-4) are two of the most well studied as to their role in balancing immunity and 

immunopathology. During activation, all naïve T cells express PD-1 thus serving as a marker for effector 

T cells (286-288). PD-1 is also expressed on other cell subsets such as regulatory T cells, Tfh cells, 

memory T cells as well as B cells and NK cells. PD-1 expression on effector T cells serves as a brake on 

the immune response, becoming an immune checkpoint that cells must pass to exert their functionalities. 

In PD-1 knockout mice, development of autoimmune pathologies becomes accelerated highlighting the 

important role of PD-1 in regulating activation of T cells (289-292). In scenarios of acute infection or 

inflammation, PD-1 expression levels on activated T cells decrease as the immune response resolves (293, 

294). 

 

PD-1 SIGNALING 

In order for PD-1 to exert its inhibitory effects on the T cell, the PD-1 ligands must be expressed on the 

same cell that is presenting the cognate peptide-MHC complex to the TCR (286). PD-1 signaling through 

binding of its ligands programmed cell death 1 ligand 1 (PD-L1) or programmed cell death 1 ligand 2 
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(PD-L2) during T cell activation counteracts the TCR and CD28 co-stimulatory signaling (295-299). 

Receptor-ligand binding of PD-1 recruits phosphatases like SHP2 to the immunoreceptor tyrosine-based 

switch motif (ITSM) of the cytoplasmic tail of PD-1 (286). This pathway leads to the decreased activation 

of transcription factors such as AP-1, NF-kB, and NFAT which are necessary for T cell activation, 

proliferation, survival, and effector functions. Overall, the PD-1 signaling pathway has been shown to 

regulate the initial T cell activation, fine tune T cell functionalities, aid in the development of T cell 

tolerance, and play a role in returning the immune response to homeostasis (286, 297, 300-302).  

 

CELLULAR EXHAUSTION DURING CHRONIC INFECTIONS 

While PD-1 signaling during acute conditions have defined roles in aiding the activation and contraction 

of responses, persistent signaling of PD-1 on a T cell can drive effector T cells into a state of exhaustion 

(303, 304). An exhausted T cell with sustained PD-1 expression has reduced effector functionalities, poor 

recall responses, and a distinct transcriptional state from either effector or memory T cells (304). In 

conditions of cancer or chronic infections such as with HIV or hepatitis B virus (HBV) where antigen is 

not cleared and persists at high levels, high expression levels of PD-1 and its ligands occur thereby 

limiting the overall immune response exerted against the cancerous cells or infected cells. This was first 

described in chronically lymphocytic choriomeningitis virus (LCMV) in mice and with people infected 

with HIV, HBV, or hepatitis C virus (HCV) (293, 294, 305). PD-1 signaling is not required for the 

induction of the T cell exhaustion state but does have a role in maintaining exhaustion (306). Of 

incredible interest was the observation that blocking the PD-1/PD-L1 signaling axis with a monoclonal 

antibody restored function to exhausted T cells during chronic infections. PD-1 blockade led to increased 

virus-specific CD8+ T cell proliferation, cytokine production, improved killing potential and decreased 

viral loads in LCMV, SIV, and HCV infections (293, 307-309).  

 

In HIV infected individuals, the increased and persistent expression of PD-1 is predominantly on central 

memory T cells (303, 310). In addition to PD-1 in untreated infected people, we observe an upregulation 
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of other immune inhibitory markers such as CTLA-4, TIM-3, TIGIT, and LAG-3 on CD4+ and CD8+ T 

cells (205, 311, 312). When patients are under ART treatment, the expression of inhibitory markers 

declines though is still considered elevated when compared to healthy control individuals (312). PD-1 

expression is high on cytotoxic CD8+ T cells that are found to migrate to lymphoid follicles e.g. 

expressing CXCR5 and are low in other immune checkpoint proteins (177). There is an observed inverse 

association between the frequency of cytotoxic CD8+ T cells and HIV infected cells found in lymphoid 

follicles (177, 179, 182). The increase in PD-1 expression is observed on both total and HIV-specific 

CD8+ T cells in untreated HIV individuals (311, 313, 314). The expression level of PD-1 on CD4+ or 

CD8+ T cells are associated with clinical outcome and for individuals not on ART treatment, increased 

PD-1 expression is associated with faster decline in CD4+ T cell numbers (311, 315). Even for 

individuals on ART treatment, the PD-1 expression on CD8+ T cells is associated with impaired CD4+ T 

cell immune reconstitution as well as faster viral rebound after ART interruption (316, 317). When 

expressed on HIV-specific CD4+ T cells, PD-1 expression is associated with exacerbating CD8+ T cell 

exhaustion and viral immune escape (318).  

 

In addition to how PD-1 expression impacts cellular immune responses and disease outcome, there are 

correlations observed between the frequency of PD-1 on CD4+ and CD8+ T cells with various HIV 

persistence markers for individuals on ART. This has been characterized in the peripheral blood, lymph 

nodes, and gastrointestinal tract (260, 319-322). Additionally, enrichment of HIV has been observed in 

PD-1 high expressing CD4+ T cells compared to PD-1 low expressing cells (319). The HIV enrichment 

seen in PD-1 high cells may be a result of the inhibitory effects PD-1 exerts on the T cell which could 

limit HIV transcription and RNA export and translation thereby favoring latent infection over productive 

infection (303).  
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PD-1 BLOCKADE DURING HIV INFECTION 

To date, disrupting the signaling between PD-1 and its ligand to abrogate the inhibitory signal PD-1 

imparts on T cells has been performed in a variety of chronic infections and cancer settings. Use of 

monoclonal antibodies to serve as a PD-1 checkpoint blockade has led to improvement and reinvigoration 

of T cell functionality and reduction of viral loads or tumor burdens (293, 305, 311, 313, 323-327). In a 

mouse model of chronic LCMV infection, in vivo blockade using a blocking monoclonal antibody (mAb) 

against PD-L1 (PD-L1) restored virus-specific CD8+ T cell proliferative capacity, cytokine production, 

cytotoxic activity, and led to reduced viral loads (293). In HIV, ex vivo blockade of PD-1 with PD-L1 

mAbs has repeatedly been shown to improve HIV-specific CD8+ T cell functionality and ability to kill 

infected cells. These early studies include the observation that PD-1 is highly up-regulated on HIV-

specific CD8+ T cells and is correlated with viral load as well as reduced capacity of the T cell to produce 

cytokines and proliferate (311). Trautmann et al. was also one of the first to show that ex vivo blockade 

with a PD-L1 mAb enhanced HIV-specific CD8+ T cell survival, proliferative capacity, and cytokine 

and cytotoxic molecule production in response to antigen. Using cells from ART-naïve, HIV-infected 

individuals, Day et al. similarly showed that blockade with PD-L1 mAb augmented HIV-specific CD8+ 

and CD4+ T cell functionality (313). Petrovas et al. at the same time showed that PD-1 blockade 

improved HIV-specific CD8+ T cells survival as PD-1 served as an important regulator of survival during 

HIV infection (314). These studies were the first to demonstrate the role of PD-1 expression during 

chronic HIV infection and showed that blockade of the inhibitory PD-1 signaling pathway was capable of 

reversing the immune exhaustion that had for so long been considered a hallmark of chronic HIV 

infection.  

 

Though PD-1 blockade has been tested in clinical studies and licensed for a wide range of cancers, studies 

evaluating PD-1 blockade in HIV infected individuals have not been extensively performed as safety 

concerns persist. Studies in non-human primates to establish safety and efficacy will be required first. Our 
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lab has previously published the effect of PD-1 blockade using a mAb against PD-1 (PD-1) in 

chronically SIVmac251 infected rhesus macaques (308). PD-1 blockade in these animals were well-

tolerated and resulted in rapid expansion of SIV-specific CD8+ T cells with improved effector functions, 

enhanced survival, and lower plasma viremia. Additionally, rhesus macaques treated with PD-1 mAb 

showed significant reduction in interferon-related signaling and thus lowered hyperimmune activation 

observed during chronic SIV infection as well as improved gut barrier functionality (328).  

 

The next steps in testing efficacy of PD-1 blockade during HIV infection is administration of blockade in 

conjunction with ART therapy as most HIV+ individuals are currently on therapy after diagnosis. Recent 

preliminary work on the administration of PD-L1 mAb to a small cohort of chronically SIV-infected 

rhesus macaques under suppressive ART was shown to be safe and well-tolerated in the animals and also 

demonstrated transient viral control after ART treatment interruption (329). In a phase I dose escalation 

clinical study using PD-L1 mAb for blockade in six HIV+ individuals under suppressive ART 

treatment, severe adverse events were not observed and two of the volunteers showed increased Gag-

specific CD4+ and CD8+ T cells after administration of the lowest dose (303, 330). The study was 

stopped however due to retinal toxicity observed in a concurrent rhesus macaque study (303). This is 

currently the only immune checkpoint inhibitor trial performed in HIV infected individuals without 

malignancies and more safety data will be required before more extensive studies in HIV+ individuals can 

be performed. The potential effects of PD-1 blockade during HIV infection to monitor for are I) 

enhancement of HIV-specific CD4+ and CD8+ T cell responses in the blood and lymphoid tissues, II) 

reversal of HIV latency, and III) depletion of the newly reactivated latently infected cells, possibly 

through enhanced T cell mediated killing (303).  
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HIV VACCINES IN THE CLINIC 

While there is work in progress on development of a functional cure, it will be essential to have an 

efficacious vaccine as a long-term solution to control the HIV epidemic.  A vaccine should prevent new 

infections and/or help to control virus replication in infected individuals to limit disease progression. 

There are many challenges facing the development of an HIV vaccine including an incomplete knowledge 

of the immunological correlates of protection, the high diversity of HIV within an infected individual (2-

6% (13, 331)) as well as in the population (about 15-20% within a clade; 25-35% between clades (332-

334)), the ability of HIV to rapidly mutate in an infected host, and a complex glycan structure that helps 

protect the virus against neutralization. It is clear that overcoming these challenges for an effective HIV 

vaccine will require the induction of both humoral and cellular immunity against conserved viral targets.  

NAbs to prevent infection and spread of the virus will be critical and non-neutralizing antibodies (non-

NAb) to assist in antibody-dependent cellular cytotoxicity (ADCC) and other antibody-mediated 

clearance mechanisms also play a significant role (335, 336).  Cytolytic CD8+ T cells will be crucial in 

the elimination of HIV-infected cells and CD4+ helper T cells will be required for the proper development 

and maturation of antibody and CD8+ T cell responses; in particular, CD4+ T follicular helper (Tfh) cells 

are needed for long-lived and high avidity antibodies (166, 337).  Development of protective immune 

responses by vaccination will likely require a multi-faceted approach since other regimens have shown to 

be ineffectual.  Although there are many vaccines under preclinical development, to date only six have 

been tested for efficacy in humans and will be reviewed here.  

 

AIDSVAX TRIALS 

The AIDSVAX trials were the first two HIV vaccine efficacy studies (338-340). These trials sought to 

engage humoral responses alone to protect from infection by utilizing bivalent Envelope gp120 protein 

immunogens derived from two subtype B isolates (AIDSVAX B/B) in one study or subtype B and E 

isolates (AIDSVAX B/E) in the second study. AIDSVAX B/B was used in participants in North America 

and the Netherlands who were at risk for sexual exposure to HIV while AIDSVAX B/E was studied in 
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Thailand in injection drug users. In the first study, HIV infection rates were 6.7% in 3598 vaccinees and 

7.0% in 1805 placebo participants with an estimated vaccine efficacy of 6% thus showing no reduction of 

infection in vaccinated participants (338). Vaccine efficacy in the second trial was considered to be 0%. 

Though all participants produced neutralizing and CD4-blocking antibody responses, the vaccine failed to 

provide any protection from HIV acquisition or influencing post-infection disease progression (338-340). 

Lessons learned from these studies indicate that recombinant gp120 protein is insufficient on its own to 

protect against a diverse population of primary HIV-1 isolates and new vaccines approaches will be 

required in the form of improved protein design, new adjuvants to enhance appropriate helper T cell 

responses, or combination vaccines that additionally promote cellular immunity against HIV (338).  

 

STEP AND PHAMBILI TRIALS 

The third and fourth efficacy studies were the phase IIB Step (HVTN 502) and Phambili (HVTN 503) 

studies which employed Merck recombinant adenovirus 5 (Ad5) vectors expressing HIV Gag, Pol, and 

Nef that aimed to generate cell-mediated immunity to protect against HIV infection or change early 

plasma virus levels (341-343). Rationale for this model came from understanding the role of cellular 

immunity in viral control and disease progression in elite controllers and long-term non-progressors and 

from non-human primate challenge models as discussed in the HIV Controllers section above. Ad5 

vectors are considered highly immunogenic regarding induction of antigen-specific T cell responses. The 

studies enrolled individuals considered at high risk of HIV acquisition and the regimen consisted of 1:1:1 

mixture of replication-defective Ad5 vectors expressing either the HIV-1 Gag, Pol, or Nef gene and was 

given at day 1, week 4, and week 26. The trial did not include an HIV Envelope immunogen and thus did 

not generate antibody responses against HIV Envelope. In the Step trial, the regimen was shown to be 

immunogenic for inducing HIV-specific CD8+ T cells, however did not confer protection against HIV 

infection or aid in control of HIV replication as determined by viral load setpoints (341). Surprisingly, 

risk of HIV acquisition was increased in vaccinated Ad5-seropositive men as well as in uncircumcised 

men, whereas this increase was not observed in Ad5-seronegative or circumcised men. Risk assessment of 
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study participants based on both Ad5 and circumcision status revealed that risk of HIV acquisition in 

participants receiving the vaccine compared to those receiving placebo was highest in uncircumcised and 

Ad5 seropositive men. Risk was intermediate in men with either one of those two factors. The Phambili 

study conducted in the Republic of South Africa was stopped shortly after the Step study revealed lack of 

efficacy and more infections among vaccinees than placebo individuals (343, 344). The study revealed no 

evidence of vaccine efficacy and was not dependent on Ad5 serostatus or circumcision. Changes to 

setpoint viral loads were also not observed though halting and unblinding of the study early may have 

impacted the ability to determine those effects. Though the trials were unable to achieve the primary 

endpoints by using a vaccine inducing cell-mediated responses and were stopped for futility, the studies 

provided important data to the field and significantly influenced subsequent vaccine design strategies 

against HIV.  

 

HVTN 505 

HVTN 505 was a Phase IIb trial that utilized a heterologous DNA prime/Ad5 boost regimen aimed at 

reducing HIV viral loads as well as preventing HIV acquisition (345).  Here, heterologous regimens refer 

to the use of two or more different vehicles for delivery of the antigens of interest such as DNA and Ad5.  

In contrast to Step trial, the HVTN 505 trial included HIV Env gp140 immunogens of multiple clades in 

addition to Gag, Pol, and Nef and the Ad5 vector used here differed from that used in the Step trial in that 

there were more deletions present in the Ad5 genome. The study was conducted in participants that were 

circumcised with low to no Ad5-specific antibodies. The multigene, multiclade DNA prime/Ad5 boost 

regimen was designed to induce HIV-specific, multifunctional CD4+ and CD8+ T cells and antibodies to 

envelopes of the major circulating strains. Vaccinations however were eventually halted for lack of 

efficacy when it was determined that the vaccine did not reduce the rate of HIV acquisition nor viral load 

set points compared to the placebo arm.  
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RV144 THAI TRIAL  

In 2009, the RV144 trial performed in Thailand was the first phase III HIV vaccine trial to achieve a 

modest vaccine efficacy of 31.2% (50-60% within the first year of vaccination) and was the first human 

trial to demonstrate that it is possible to prevent HIV infection by vaccination (346, 347).  This was 

achieved by utilizing a heterologous prime-boost regimen, combining recombinant canarypox vector 

(ALVAC) immunizations with the AIDSVAX B/E protein immunogen to induce both arms of the 

adaptive immune system. Volunteers received ALVAC immunizations at 0, 1, 3, and 6 months with 

AIDSVAX B/E additionally administered at months 3 and 6. Vaccinations however did not affect disease 

course as determined by viral setpoint or CD4+ T cell count. Extensive analysis was performed to 

determine correlates of infection risk in participants in this study. Haynes et al. was able to determine that 

for vaccinated individuals, IgG antibodies specific to the variable regions 1 and 2 (V1V2) of HIV 

Envelope proteins inversely correlated with the rate of HIV infection while plasma Env-specific plasma 

IgA antibodies directly correlated with the rate of infection (348). The authors were able to show that 

neither low V1V2 antibodies nor high Env-specific IgA antibodies in vaccinated individuals were 

associated with higher rates of infection compared to the placebo group indicating that the vaccine-

induced IgA titers did not confer added risk of infection relative to placebo.  Though the IgA antibodies 

were not considered infection-enhancing antibodies, the antibodies abrogated the protective effects of 

vaccination e.g. IgG antibody avidity, antibody-dependent cellular cytotoxicity, neutralizing antibodies, 

and CD4+ T cells,  (348, 349). Thus, when Env-specific IgA levels were low, antibody-dependent cellular 

cytotoxicity and neutralizing antibody levels reduced the risk of infection (350, 351).  

 

Though the trial using AIDSVAX B/E alone was able to induce high Envelope-specific IgG responses 

compared to those observed in RV144, Env- and V2-specific IgG3 subclass antibodies were significantly 

greater in RV144 participants (349, 352). IgG3 subclass antibodies have a higher affinity for the Fc 

receptor, can fix complement, and has been shown to associate with protection in other settings of 

infection (353, 354). The RV144-induced IgG3 antibodies showed multifunctional effector functions that 
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likely resulted from the addition of the ALVAC prime which contributed to the vaccine efficacy 

observed. These results provided a ray of hope to the HIV vaccine field and highlighted the contribution 

of anti-Env antibody responses as an important immune correlate of reduced risk of infection.  

 

POXVIRUS  

The RV144 trial highlighted the potential of poxvirus vectors as candidate HIV vaccines.  The poxviridae 

family of viruses are linear double-stranded DNA viruses with covalently closed hairpin loops at each 

termini (355). Poxviruses are categorized into two subfamilies, Choropoxvirinae and Entomopoxvirinae, 

that are further subdivided into multiple genera. The Orthopoxviruses of the Chordopoxvirinae family 

encompass vaccinia, variola, cowpox, ectromelia, and monkeypox with vaccinia virus considered the 

prototypic member. Poxviruses are enveloped and are large for animal viruses with vaccinia virions 

measuring approximately 350 nm x 270 nm by cryoelectron microscopy. Poxvirus genomes can range 

from 135,000 to 289,000 base pairs in length leading to 136 to 260 open reading frames (356, 357). 

Among all poxviruses, genes located within the center of the genome are most heavily conserved, 

typically encoding for common viral machinery such as proteins for replication or virion assembly. Genes 

found at the terminal ends of the poxvirus genomes are more variable and involved in host range 

restrictions and immune modulation. 

 

VIRIONS 

Poxvirus virions contain a nucleoprotein core which contains the double stranded DNA genome and 

virally encoded enzymes and proteins that allow for transcription of an early set of genes as well as 

replication which occurs solely in the cytoplasm at sites referred to as factories (355). Two infectious 

forms of virions are typically produced: a mature virion (MV) or extracellular enveloped virion (EEV) 

(358). MVs have a single lipoprotein bilayer membrane and can remain in the cytoplasm of the cell until 

release by cell lysis (359-364). Some MVs can be further wrapped in a modified trans-Golgi or 

endosomal double membrane to be a triple-membrane virion and transported to the cell plasma membrane 
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where the outer membrane will fuse to exocytose an EEV which appears as an MV with an additional 

membrane layer (double membraned) (358, 365, 366).  

 

VIRAL ENTRY 

A receptor for viral entry for poxviruses that mediates binding and internalization has not been identified 

though viral binding sites which allow for viral attachment but not necessarily entry have been 

characterized. MV binding to cell surfaces are known to be mediated in part by four viral proteins: D8 

binding to chondroitin (367), A27 and H3 binding to heparan (368-371), and A26 binding to laminin 

(372). Interestingly, inactivating any one of these attachment proteins does not prevent viral entry and 

these proteins have additional roles beyond cell binding. Eleven more proteins are utilized by poxviruses 

for membrane fusion and core entry and are conserved for all poxviruses (373). These proteins form an 

entry fusion complex embedded into the membrane of the mature virion and are all required for core 

entry. Upon entry, endocytosed MVs are trafficked to early endosomes and recycling endosome 

compartments prior to membrane fusion (374). Fusion is activated by low pH which serves to dissociate a 

fusion suppressor protein from the entry fusion complex (373). 

 

POXVIRUS IMMUNE EVASION TACTICS  

Common amongst most poxviruses is the presence of viral genes that target immune signaling including 

interferon and other chemokine signaling pathways (357). Viral modulation of the immune responses 

occurs by both preventing secreted molecules from binding to their respective receptors as well as by 

inhibiting intracellular signaling after receptor-ligand interactions. Conservation of these viral immune 

evasion genes that target host immune responses highlight the importance of these responses in clearance 

of the virus. Some of the extracellular and intracellular modulation of the immune response by these viral 

genes will be briefly reviewed here.  
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MODULATION OF COMPLEMENT  

Complement is an important component of the innate immune response that upon activation leads to 

release of proinflammatory anaphylatoxins, generation of opsonins that target pathogens or cells for 

degradation, and formation of the membrane attack complex that serves to directly lyse targeted 

pathogens or damaged cells (375). Vaccinia is known to encode and secrete vaccinia complement-control 

protein (VCP) that inhibits both the classical and alternative complement activation pathways by binding 

and inhibiting C4b and C2b (376). Expression of VCP has been show to contribute to pathogenesis of 

vaccinia (377). Smallpox inhibitor of complement enzymes (SPICE) encoded by variola virus is even 

more potent than VCP at inactivating C3b and C4b (378). In cowpox, the inflammation modulatory 

protein (IMP) is a complement control protein with a role in limiting immune cell infiltration and 

reducing tissue destruction (379-381). Expression of complement control proteins by multiple poxvirus 

family members indicate the important role the complement pathway has in limiting pathogenesis.  

 

INHIBITION OF INTERFERONS  

Interferons (IFNs) are integral to combating pathogens as secretion of IFNs and signaling through their 

cognate receptors leads to an antiviral state among cells of the immune system rendering cells more 

capable of combating viruses, bacteria, and parasites. IFN receptor intracellular signaling is mediated by 

the Janus kinase and signal transducer and activator of transcription (JAK-STAT) pathway which leads to 

translation of interferon-stimulated genes (ISGs). Type I and type II IFNs have distinctive properties in 

regards to the ISGs induced as well as the antiviral activities they possess (382). IFNs act to control 

infections by targeting pathways and functions necessary to the life cycle of a pathogen, therefore 

poxvirus immune modulatory genes targeting IFNs are integral to viral pathogenesis.  

 

Sequestering of secreted IFNs inhibits IFN binding to IFN receptors and abrogates activation of the 

immune system. B18R is a type I IFN binding protein encoded by the Western Reserve (WR) strain of 

vaccinia and is the best characterized of poxvirus type I IFN inhibitors. B18R competitively binds 
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IFN and IFN thus preventing IFN receptor activation and signaling (383-385). A B18R deletion mutant 

of vaccinia led to viral attenuation in an intranasal mouse model highlighting the importance of type I IFN 

binding proteins in vaccinia pathogenesis (383). IFN, a type II IFN, is important in coordinating the 

antiviral innate and adaptive immune responses against poxviruses. Transgenic mice without the 

capability to produce IFN or express IFN receptor are more susceptible to infection indicating the role 

IFN has in providing protection (386-388). Poxviruses express IFN receptor homologs which are 

binding proteins with a high sequence homology to host IFN receptors. These homologs are competitive 

antagonists for host IFN and can have either species-specific efficacy or broad specificity (389-391). 

Deletion of an IFN receptor homolog B8R in vaccinia resulted in an attenuated virus in a rabbit model of 

infection (392).  

 

Poxviruses have evolved to not only target IFN molecules specifically, but also the signaling pathways 

induced after viral infection. The vaccinia H1L gene is a phosphatase that acts to prevent activation of 

STAT1, a transcription factor important for type I and II IFN receptor signal transduction (393). Pattern 

recognition receptors such as protein kinase R (PKR) and 2’,5’-oligoadenylate synthetase (OAS) sense 

viral RNA in the cytoplasm. PKR and OAS activation leads to significant reduction in host translation 

and synthesis of proteins often leading to apoptotic cell death (394). PKR signaling in addition leads to 

activation of the NF-B signaling pathway (ref Schneider 2014). E3L encoded by vaccinia is a double-

stranded RNA binding protein which acts to prevent activation of PKR and OAS (395, 396). E3L can also 

directly bind and inhibit PKR leading to less phosphorylation of eukaryotic initiation factor 2a (eIF2) 

(397), IFN response factor 3 (IRF3) (398), and IRF7 (399). The K3L gene from vaccinia prevents PKR 

activity by acting as a nonphosphorylatable pseudosubstrate of PKR and thereby competitively inhibits 

phosphorylation of eIF2 to inhibit protein synthesis (395, 400, 401). An E3L deletion mutant of vaccinia 

was demonstrated to be sensitive to host IFN responses and showed a more limited host range as well as 

reduced pathogenicity (402-404). Interestingly, expression of both E3L and K3L in a canarypox vaccine 
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vector led to improved antigen expression and inhibition of apoptosis indicating that modifying the 

kinetics of cell death and sensitivity to IFNs could be beneficial for vaccine efforts (405). 

 

INHIBITION OF INFLAMMATORY CYTOKINES  

In addition to the role of antiviral IFNs, cytokines that lead to immune system activation and 

inflammation are targets of poxvirus immune modulatory genes. Interleukin-1 (IL-1) of the IL-1 family 

of cytokines is a prominent pro-inflammatory cytokine and poxviruses have developed multiple 

approaches to target the IL-1 pathway. The pro-IL-1 precursor requires cleavage by caspase 1 to be 

converted into its mature form (406). Poxviruses have developed inhibitors to caspase 1 activity such as 

cytokine response modifier A (CrmA) by cowpox to prevent maturation of IL-1b and its secretion into the 

microenvironment (407). Vaccinia and cowpox viruses also encode B15R, a secreted decoy IL-1 

receptor, to bind and sequester IL-1  thereby reducing inflammation and fever (408, 409). In an 

intranasal infection model in mice, B15R is reported to prevent the febrile response during infection and 

smallpox strains lacking this IL-1 receptor induced fever in mice (410).  

 

IL-18 is pleiotropic cytokine of the IL-1 family that helps regulate T helper 1 (Th1) responses, activates 

natural killer (NK) cells, and possesses inflammatory activities similar to other members of the IL-1 

family (406). Like IL-1, IL-18 requires cleavage by caspase 1 to reach its mature, active form for 

secretion implicating that CrmA inhibition of caspase 1 not only targets IL-1 maturation but IL-18 as 

well. IL-18 is also targeted by IL-18 binding proteins that block its binding to the IL-18 receptor leading 

to a dampened Th1 response, inhibition of early induction of IFN, and reduced NK cell functionality 

(411). To target the signaling pathways of IL-1 and IL-18, the vaccinia A52R gene contains a Toll/IL-1 

receptor (TLR) domain motif on its cytoplasmic tail that sequesters adapter molecules from IL-1 receptor, 

IL-18 receptor, and TLR4 signaling and thereby preventing NF-kB activation (412).  
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INHIBITION OF APOPTOSIS 

Tumor necrosis factor alpha (TNF) is another potent inflammatory cytokine that promotes an antiviral 

state as well as mediate apoptosis or cell death of infected cells. Orthopoxvirus TNF receptor (TNFR) 

homologs act to inhibit TNF activity (413, 414). Cytokine response modifier (Crm) orthologs are among 

the best studied of TNFR homologs. Cowpox expresses CrmB (415), CrmC (416), CrmD (417), and 

CrmE (418) which vary in ligand specificity and expression patterns. These TNF decoy receptors act as a 

cell extrinsic anti-apoptotic factor to prevent infected cell death.  

 

Poxviruses also have factors to prevent apoptosis in an intracellular manner. Apoptosis is a form of 

programmed cell death mediated by host caspases (cysteine proteases) with characteristic physiological 

features such as cell shrinking, nuclear condensation and fragmentation, membrane blebbing, and budding 

of apoptotic bodies (419). Inhibition of particular caspases by viral proteins can lead to inhibition of 

apoptosis. Viral FLICE/caspase 8 inhibitory proteins (vFLIPs) encoded by molluscum contagiosum virus, 

MC159 and MC160, contain a death effector domain (DED) motif and bind to the FADD motif and pro-

caspase 8 to inhibit autocleavage and activation of the apoptotic signaling pathway (420-422). CrmA by 

cowpox as mentioned above is an inhibitor of caspase 1 and disruption of CrmA leads to a modest 

attenuation of disease in mice (423). CrmA has also been demonstrated to inhibit apoptosis induced by 

NK cell or cytotoxic T lymphocyte-derived granzyme B (424-426). The SPI-2 family of serine protease 

inhibitors (serpins) like B13R in vaccinia is able to protect infected cells from Fas and TNF receptor-

mediated apoptosis but is generally less potent than CrmA (427, 428). Knockout of B13R in vaccinia 

does not noticeably attenuate the virus (428, 429). The myxoma virus gene M11L targets the 

mitochondria and prevents the activation of the intrinsic apoptotic pathway which would result from the 

loss of inner mitochondrial membrane potential (430). Impeding apoptosis of an infected cell is important 

for poxviruses which is highlighted by the variety of ways poxviruses modulate this pathway.  
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MODIFIED VACCINIA ANKARA, MVA  

Poxviruses, specifically vaccinia virus, have been utilized as expression vectors for foreign DNA for over 

30 years now (431-434).  One of the major advantages of poxviruses for vaccine development is that they 

can stably accommodate at least 25 kb of foreign DNA without loss of infectivity, allowing for insertion 

of large genes or an array of genes (435). In addition, preexisting immunity to vaccinia in the population 

is low since its discontinued use in the smallpox vaccination campaign that ended in 1980.  

Unfortunately, the use of live virus as a vaccine for smallpox possessed some safety risks with 1–2 deaths 

and hundreds of cases with complications severe enough to require hospitalization for every million 

vaccine recipients (436).  As a result, development of next generation poxvirus vectors sought an 

increased safety profile leading to the development of modified vaccinia Ankara (MVA). 

 

DEVELOPMENT OF MVA  

MVA is derived from the parent vaccinia virus Ankara strain that was originally propagated on the skin of 

calves and donkeys at the Turkish Vaccine Institute in Ankara for smallpox vaccine production (437). In 

1953, the team of Herrlich and Mayr cultivated the virus in Munich on chorioallantois membranes of 

embryonated chicken eggs which led to the development of chorioallantois vaccinia virus Ankara (CVA) 

(438). CVA was grown on calf skin for manufacturing of the smallpox vaccine used in the Munich 

vaccination campaigns of 1954-5. Anton Mayr continued the serial passaging of CVA in chicken embryo 

fibroblasts and in 1968, after the 516th passage, renamed the virus MVA (439).  

 

The MVA genome has six major deletions relative to the parental CVA strain. Deletions sites I, V, and II 

are in the left terminal region, VI and III in the central conserved region, and site IV in the right terminal 

region (440). Additionally, mutations were observed to affect 124 open reading frames (441). This is a 

loss of approximately 12% of its genome with the deletions and mutations. Many of the genes impacted 

by this attenuation are important regulators of vaccinia-host interactions resulting in part in severe host 

range restrictions. The deletions in host-range genes of MVA resulted in MVA being replication-
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incompetent in human and other mammalian cells. MVA is unable to disseminate in the host and cause 

pathology, even in immune-compromised hosts. 

 

In addition, MVA demonstrated a reduction in virulence when compared to its parental vaccinia strains. 

In vitro, MVA did not cause prominent cytopathic effects or form plaques in chicken embryo fibroblast or 

HeLa cells (437). Intradermal or cutaneous infection via scarification with vaccinia typically leads to skin 

lesions but this was significantly absent with MVA inoculations. Furthermore, intracranial inoculations of 

MVA into macaques did not lead to obvious adverse effects while macaques receiving CVA developed 

severe systemic disease. With regards to vaccine immunogenicity, macaques intradermally or 

intramuscularly vaccinated with MVA were protected from disease after challenge with vaccinia 

indicating the efficacy of MVA as a vaccine candidate despite its reduced virulence. The first licensed 

MVA vaccine was approved in Germany in 1977 as a preventative vaccine to smallpox. Until 1980, the 

vaccine was administered to over 120,000 individuals without development of severe adverse effects that 

would not have otherwise been observed with conventional vaccinia-based vaccines (442). 

 

VACCINE VECTOR 

To further development of MVA for use as a vaccine candidate against other diseases and pathogens, 

research towards genome mapping and sequencing began using the MVA isolate from the 572nd in vitro 

passage (440, 443). This work also led to the discovery that MVA did not express many virulence factors 

such as important immunomodulatory genes encoded by vaccinia (443). Sutter et al. was one of the first 

to demonstrate that heterologous gene expression by MVA could occur unperturbed (444). Despite initial 

concerns regarding the ability of MVA to express recombinant genes at high levels, this work 

demonstrated that the -galactosidase and guanine-phosphoribosyl-transferase genes inserted into the 

MVA deletion III site did not impair early and late viral gene expression in infected human cells. The 

replication defect in MVA occurs at the late stage of virion assembly therefore allowing for 

uncompromised late gene and immunogen expression (438). Further work in development of recombinant 
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MVA vectors utilized the existing major deletion sites in MVA in an attempt to avoid unnecessary 

changes to the MVA genome or its phenotype. The thymidine kinase locus however had been previously 

heavily utilized as an insertion site in vaccinia virus vectors and also proved to be a successful insertion 

site for MVA immunogens (445, 446). 

 

Genetic instability of the inserted recombinant gene, such as HIV Env, in MVA has been reported to lead 

to truncation of the gene or exertion of negative selection pressure on viral growth thereby favoring 

growth of rare mutants with reduced insert expression (447-449). In generation of a novel recombinant 

MVA, it is likely advisable to confirm the stability of the inserted recombinant gene over ten serial 

passages in the relevant cell line before the large-scale manufacturing process. The lab of B. Moss 

showed frame shift mutations due to consecutive C or G bases and large genetic deletions flanking the 

insertion site (the deletion III locus of MVA) of the recombinant gene contribute to the genetic instability 

in MVA (450).  These effects can be mitigated through introduction of silent mutations and insertion of 

the recombinant gene into a site between essential, conserved MVA genes leading to enhanced stability of 

the insert. 

 

A unique aspect of MVA among poxviruses that likely contributes to its immunogenicity despite high 

attenuation is the ability to induce type I interferon responses in mice and bone marrow-derived 

plasmacytoid dendritic cells (451). This is due to the loss of viral proteins that function to antagonize the 

host anti-viral interferon response. Additionally, MVA is capable of causing activation of the NF-kB 

pathway via PKR which makes it distinct amongst other vaccinia virus strains (452). Despite the loss in 

host-range MVA experienced due to its genetic attenuation, the simultaneous loss of genes that suppress 

the host anti-viral response significantly improved its immunogenicity as a viral vaccine vector. Research 

described in the following section demonstrate an important strategy in attempts to further improve 

MVA-based vaccine-induced responses with targeted disruption of immunomodulatory genes that remain 

functional in the MVA genome (Figure 1).  
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MVA has proven to be effective at inducing strong CD4+ and moderate CD8+ T cell responses and 

durable antibody responses.  Vaccine regimens utilizing MVA have undergone numerous preclinical and 

phase I/II clinical trials for infectious diseases including HIV, Ebola, and tuberculosis as well as for a 

variety of cancers (Table 1) (453-466). These studies have demonstrated that MVA is capable of inducing 

antigen-specific cellular and humoral responses in participants. Additionally, the safety profile and 

responses generated led MVA to be a leading candidate as a third-generation smallpox vaccine (467). 

However, the immunogenicity of MVA is limited in a homologous prime/boost approach due to the 

induction of strong anti-MVA immunity that will limit transgene expression. To avoid the problem of 

anti-vector immunity, a number of studies used MVA as a booster immunization in conjunction with 

multiple vectors (heterologous prime/boost approach) and observed a profound boost of both cellular and 

humoral immune responses. These priming vectors include DNA, protein, bacteria, adenoviruses, or other 

poxviruses. Additionally, there still remains the need to induce better responses from MVA 

immunizations as not all participants induce antigen-specific immune responses even after multiple 

immunizations (456, 462, 464). A vaccine capable of eliciting a more robust response has the potential to 

be used as a prophylactic vaccine preventing infections or as a therapeutic one to help against disease 

progression. 

 

GENETIC MODIFICATION OF MVA 

Poxviruses express a wide variety of immune modulatory genes such as cytokine binding proteins and 

inhibitors of interferon activity as described above.  Though MVA has lost a large portion of its genome 

resulting in lost in host-range and immunomodulatory genes, many of these genes remain functional.  The 

directed disruption of these genes that antagonize host-specific immune responses aims to enhance the 

virally stimulated, pro-inflammatory conditions required for a robust adaptive response (468-474).  

 

This strategy includes deletion of the anti-apoptotic F1L gene in MVA in order to increase the rate of 

apoptosis induction via the intrinsic pathway (468). F1L in the vaccinia virus Copenhagen strain encodes 
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a protein that localizes to the outer mitochondrial membrane where it inhibits the inner mitochondrial 

membrane potential and release of cytochrome c thereby inhibiting mitochondrial-associated apoptosis 

induction. The F1 protein has also been shown to interact with the pro-apoptotic Bak protein which 

prevents this activation pathway of apoptosis. F1 additionally interacts with Bim which indirectly inhibits 

the pro-apoptotic Bax activity. F1 orthologs in in orthopoxviruses are considered to be the only Bcl-2-like 

protein to directly inhibit the Bak/Bax checkpoint. Separately, F1 has been shown to bind and thereby 

inhibit caspase 9 activity which would lead to the induction of the intrinsic apoptotic pathway so F1 has 

the ability to inhibit apoptosis at different points of the cell death pathway. Using an MVA-F1L-deletion 

mutant, the authors demonstrated enhancement in apoptosis induction and induction of type I interferon 

and pro-inflammatory cytokine gene expression of infected cells. The immunogenicity of this deletion 

mutant expressing HIV antigens, with a DNA priming immunization, was tested in BALB/c mice and 

revealed high, broad, and poly-functional HIV-specific CD8+ T cell responses with better duration of 

responses. The levels of vaccine-induced gp120-specific antibodies however were not improved.  

 

Vaccinia C6 protein is expressed early during infection and based on bioinformatics analyses, believed to 

possibly possess the ability to inhibit the Toll-like receptor signaling pathway (469). An epitope of C6 

also has proved to be highly immunogenic in BALB/c mice. Directed deletion of the viral C6L gene in 

MVA led to the up-regulation of IFN and interferon stimulatory genes implicating its role in inhibiting 

the IFN signaling pathway in some manner. In a DNA prime, MVA boost immunization regimen, the 

C6L deletion mutant significantly improved the magnitude and polyfunctionality of HIV-specific CD4+ 

and CD8+ T cell memory responses.  The mutant also generated enhanced Env-specific antibody titers. 

Falivene et al. targeted the IL-18 binding protein gene C12L in MVA for deletion (470). The IL-18 

binding protein as described above is a soluble inhibitor that binds to and neutralizes host-derived IL-18. 

IL-18 is a pro-inflammatory cytokine with important roles in regulating both the innate and adaptive 

immune response. IL-18 is also a key mediator in Th1 responses as well as enhances T and NK cell 
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cytokine production and cytotoxicity. MVA with a deletion of the C12L gene demonstrated enhanced 

immunogenicity with regards to higher magnitude of IFN, IL-2, and cytotoxic potential for CD8+ T 

cells. A DNA prime, MVA boost regimen in mice showed enhanced frequencies of HIV-specific IFN 

responses as well indicating that removal of C12L from the MVA backbone is an effective approach 

towards improving MVA immunogenicity. Vaccinia virus N2L is part of the vaccinia Bcl-2 family of 

genes which are intracellular proteins important for inhibiting the TLR signaling pathway at various 

points (471). N2L is a virulence factor transcribed early during infection that locates to the nucleus to 

inhibit the activation of IRF3 in some manner. MVA with a deletion of the N2L gene resulted in 

increased IFN and proinflammatory cytokine and chemokine expression. In mice, this vector showed 

improved magnitude and polyfunctionality of HIV-specific CD4+ and CD8+ T cells and enhanced Env-

specific antibodies after the peak of response.   

 

Disruption of an immunosuppressive gene was also demonstrated with deletion of 146R gene from MVA 

which is termed A35 in the vaccinia virus Copenhagen strain(472). A35 is conserved across most 

mammalian-tropic poxviruses such as MVA and is an important virulence factor. A35 in the Western 

Reserve strain impedes MHC class II-restricted antigen presentation and significantly reduces induction 

of virus-specific antibodies and cytotoxic T cells. Deletion of the A35 gene in MVA increased vaccinia 

virus-specific immunoglobulin production and class switching to IgG isotypes after a single 

immunization. The deletion mutant also enhanced the level of virus-specific IFN-secreting cells from 

splenocytes of immunized mice supporting the deletion of A35 from the MVA backbone to improve 

immunogenicity of vaccine-based responses.  

 

With as many studies performed regarding how disruption of a single MVA gene may improve vaccine-

generated responses, some groups went a step further and performed directed deletions of two or more 

immunomodulatory genes to determine potential synergistic effects on immunogenicity. Garcia-Arriaza et 
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al. performed deletions of two such genes in MVA: A41L and B16R (473). B16R is a viral IL-1B binding 

protein and A41L is a secreted protein that binds CC-chemokines (CCL21, CCL25, CCL26, CCL28) and 

sequesters them from performing their activities. These CC-chemokines play a role in the development of 

T cell responses such as by priming T cells or inducing Th1 cells.  Using a DNA prime/MVA boost 

protocol in mice, the authors saw significant improvement in HIV-specific CD4+ and CD8+ T cell 

responses in the double MVA mutant vector though antibody responses against HIV Env did not differ 

between the mutant and wild-type vectors.  

 

Another group developed an MVA vector that possessed four simultaneous deletions of immune-

modulatory genes. Garber et al. deleted a secreted IL-18 binding protein (MVA008L), a soluble IL-1 

receptor (MVA184R), a CC-chemokine binding protein (MVA153L), and a dominant negative Toll/IL-1 

signaling adapter (MVA159R) (474). Previous work had been shown that MVA vectors lacking 

MVA184R and/or MVA153L generated improved CD8+ T cell responses in mice. This study also 

included a mutant with a deletion in the udg gene which is an essential viral replication gene whose 

deletion would abrogate late gene expression in order to lower the MVA antigen profile that could 

compete with the recombinant immunogen of interest. The MVA vectors with either four or five 

simultaneous deletions elicited a 6-fold increase in HIV-specific cellular responses and 25-fold higher 

titers of HIV Env gp120-specific antibodies compared to the parental vaccine strain in a prime/boost 

model in rhesus macaques.  

 

Targeted modifications of the MVA genome has been shown to significantly influence the innate as well 

as adaptive responses in the host and provides a potential way forward for further enhancement of MVA 

immunogenicity. Despite the significant genomic deletions and mutations of the MVA genome, there still 

remain genes that contribute to suppression in host inflammatory responses and signaling (Figure 1). 

Disruption of these genes singularly or in combination with other viral genes has the potential to provide 

a synergistic improvement on vaccine-induced responses. Additionally, disruption of genes that affect 
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host tropism has the potential to improve responses. Host range genes interfere with intracellular host 

defenses such as through viral sensing, signal transduction, the cell cycle, or the induction of apoptosis. 

Disruption of these genes may augment the anti-viral signaling pathways resulting in enhanced 

immunogen-specific responses.  

 

THESIS OVERVIEW 

Development of an effective HIV vaccine and steps towards a functional cure have made great progress in 

the past decade (Figure 2). Use of MVA as a viral vaccine vector has been shown to be capable of 

inducing antigen-specific humoral and cellular responses in pre-clinical and clinical studies though there 

still remains a need to generate greater response as some individuals do not induce these responses even 

after multiple immunizations. In this dissertation, we provide evidence that delaying apoptosis induction 

during MVA vaccination improves antigen-specific humoral responses (Chapter II). The greater 

understanding of HIV pathogenesis and the latent reservoir that serves as a persistent source of virus has 

informed the development of regimens that aim to both reverse latency of the viral reservoir as well as 

induce immune-mediated clearance of HIV infected cells. Here, we investigated the effect of PD-1 

blockade administered in conjunction with ART treatment on reinvigoration of exhausted T cells during 

infection as well as the effect on reducing the latent viral reservoir (Chapter III). The findings described in 

this dissertation illustrate further progress in emerging preventative and therapeutic treatments against 

HIV and will inform future efforts in their development.  
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Figure 1. Potential Target Genes of the MVA Genome to Improve Immunogenicity. A) Viral inhibitor 

genes in MVA that act to inhibit the host inflammatory response and NF-kB signaling cascade. 

Disruption of these immunosuppressive genes could enhance the anti-viral immune response and improve 

the adaptive response. B) Deletion of host range genes has the potential to abrogate MVA interference of 

the anti-viral response.  
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Figure 2. Overview of Dissertation Aims. HIV intervention approaches include development of a 

preventative HIV vaccine and an HIV functional cure.  Developing a vaccine to block HIV infection will 

require induction of neutralizing antibodies (NAbs), non-NAbs, and cytotoxic CD8+ T cells. The 

functionality, magnitude, and duration of these responses will be influenced by the vaccine vector 

utilized. We continue the improvement of the immunogenicity of the viral vector Modified vaccinia 

Ankara (MVA) as an HIV candidate vaccine by construction of MVA expressing an anti-apoptotic gene 

B13R.  As a functional cure strategy, the shock and kill immune-based approach aims to reactivate the 

latent HIV reservoir and simultaneously develop enhanced immune responses to be able to detect and 

eliminate the reservoir. We aim to test this approach using PD-1 immune checkpoint blockade therapy.  
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Pathogen Antigen Reference 

HIV/AIDS 2 mosaic HIV-1 Gag/Pol/Env inserts (475) 

 HIV-1 clade A Gag sequences and a string of CD8 and T-cell epitopes (454) 

 HIV-1 Gag, PR, RT, and Env (clade B) (456) 

 HIV-1 Env, Gag, Tat-Rev and Nef-RT (clade C) (476) 

 HIV-1 Env (clade E), Gag-Pol (clade A) (477) 

 HIV-1 Env, Gag-Pol, Nef-Tat (clades B/C)  (478) 

 HIV-1 Env/Gag, Tat/Rev/Nef-RT (clade B)  (479) 

 T cell epitopes from HIV-1 Gag, Pol, Vpr, Nef, Rev and Env  (480) 

Influenza A NP + M1 (481) 

 H5N1 HA (463) 

Hepatitis B HBs  

Hepatitis C NS3, NS4 and NS5B (genotype 1b)  (482) 

Tuberculosis Antigen 85A (466) 

Malaria ME-TRAP  (483) 

 AMA1 (484) 

 MSP1 (485) 

 CS (486) 

CMV UL83 (pp65), UL123 (IE1-exon4), and UL122 (IE2-exon5) (458) 

Epithelial 

Tumors 

Transcription Factor Brachyury, B7.1, ICAM-1, and LFA-3, (461) 

EBV+ Cancer EBNA1 and LMP2 (462) 

Gastrointestinal 

Cancers 

p53 (464) 

 

Table 1. Clinical Trials Using MVA-based Vector as a Vaccine Candidate.  
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Abstract  

Modified vaccinia Ankara (MVA), an attenuated poxvirus, has been developed as a potential vaccine 

vector for use against cancer and multiple infectious diseases including HIV. MVA is highly 

immunogenic and elicits strong cellular and humoral responses in pre-clinical models and humans. 

However, there is potential to further enhance the immunogenicity of MVA as MVA-infected cells 

undergo rapid apoptosis leading to faster clearance of recombinant antigens and potentially blunting a 

greater response. Here, we generated MVA-B13R by replacing the fragmented 181R/182R genes of 

MVA with a functional anti-apoptotic gene B13R and confirmed its anti-apoptotic function against 

chemically induced apoptosis in vitro. In addition, MVA-B13R showed a significant delay in induction of 

apoptosis in muscle cells derived from mice and humans as well as pDCs and CD141+ DCs from rhesus 

macaques compared to MVA infected cells. MVA-B13R expressing SIV Gag, Pol, and HIV envelope 

(SHIV) produced higher levels of envelope in the supernatants compared to MVA/SHIV infected DF-1 

cells in vitro. Immunization of BALB/c mice showed induction of higher Envelope-specific antibody 

secreting cells, IgG antibody titers, memory B cells, and better persistence of antibody titers by MVA-

B13R/SHIV compared to MVA/SHIV. Gene set enrichment analysis of draining lymph nodes cells from 

day 1 after immunization showed a negative enrichment for interferon responses in MVA-B13R/SHIV 

mice compared to MVA/SHIV mice. Taken together, these results demonstrate that restoring B13R 

functionality in MVA significantly delays MVA-induced apoptosis in muscle and antigen-presenting cells 

in vitro and augments vaccine-induced humoral immunity in mice. 

Importance 

MVA is an attractive viral vector for vaccine development due to its safety and immunogenicity in 

multiple species and humans even under conditions of immunodeficiency. Here, to further improve the 

immunogenicity of MVA, we developed a novel vector MVA-B13R by replacing the fragmented anti-

apoptotic genes 181R/182R with a functional version derived from vaccinia virus, B13R. Our results 
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show that MVA-B13R significantly delays apoptosis in antigen-presenting cells and muscle cells in vitro 

and augments vaccine-induced humoral immunity in mice leading to the development of a novel vector 

for vaccine development against infectious diseases and cancer. 
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Introduction 

The goals of an effective vaccine are to induce robust and durable humoral and cellular immunity to 

prevent and control pathogenic infection. To date, attenuated poxviruses such as ALVAC, NYVAC, and 

modified vaccinia Ankara (MVA) have been explored as vaccine vectors for use against multiple 

infectious diseases and even cancers. MVA is a highly attenuated derivative of vaccinia virus with an 

excellent safety record as well as proven sustained immunogenicity in humans and most mammals despite 

being replication-incompetent (437).  The genetic attenuation achieved by MVA was due to over 570 

passages of vaccinia in chicken embryo fibroblast cells that led to approximately 12% of its genome being 

deleted or fragmented, many of which were host-range and host immune-modulatory genes. For use as a 

vector, the MVA genome can stably accommodate recombinant genes as large as 25 kb and due to the 

defect at the late stage of virion assembly, late gene and recombinant gene expression can occur 

undeterred (435, 444).  

 

These characteristics make MVA a promising vector for use in vaccinations. Vaccine regimens utilizing 

MVA have undergone numerous preclinical and phase I/II clinical trials for infectious diseases including 

HIV, Ebola, and tuberculosis as well as for a variety of cancers (453-466). These studies have 

demonstrated that MVA is capable of inducing antigen-specific cellular and humoral responses in 

participants. However, there still remains the need to induce better responses from MVA immunizations 

as not all participants induced antigen-specific immune responses even after multiple immunizations 

(456, 462, 464). A vaccine capable of eliciting a more robust response has the potential to be used as a 

prophylactic vaccine for preventing infections or as a therapeutic one to help against disease progression.  

 

Improving the immunogenicity of MVA by modulating the viral genome has been used by many groups, 

namely through the deletion of immunomodulatory genes (468-471, 473, 474, 487).  This strategy 

includes deletion of the anti-apoptotic F1L gene in MVA in order to increase the rate of apoptosis 

induction via the intrinsic pathway (468).  Apoptosis is a form of programmed cell death mediated by 
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host caspase enzymes with characteristic physiological features such as cell shrinking, nuclear 

condensation and fragmentation, membrane blebbing, and budding of apoptotic bodies (488, 489).  The 

immunogenicity of apoptotic cells may stem from prolonged storage of the cell-associated antigens within 

dendritic cells (DCs) that capture and present the antigens (490). The persistence of antigen by apoptotic 

cells, and thus its immunogenicity, could in part be attributed to its targeted delivery to recycling 

endosomes and ability to recruit and stimulate immune cells.   

 

While it is clear that apoptotic cells are immunogenic, the kinetics of their generation may play an 

important role in improving antigen-specific responses.  Using a canarypox vector for HIV vaccination, 

Fang et al. expressed two vaccinia genes that reduced the level of apoptosis, leading to enhanced HIV-1 

pseudovirion production in vitro (405).  Additionally, an in vivo study using DNA-delivered mutated 

caspase 2 or 3 showed delayed apoptosis induction and increased immunogen expression before the 

generation of apoptotic bodies (491).  The mutated caspases performed similarly to an adjuvant as the 

authors observed enhanced CD4+ and CD8+ T cell responses compared to delivery of wild-type caspases.  

Modifying the MVA vector to delay the induction of apoptosis during vaccination has the potential to 

improve antigen-specific immune responses by allowing for more immunogen production before 

apoptosis and enhancing the ability of DCs to generate memory B and T cells.   

 

Here, we aimed to enhance the immunogenicity of the MVA vector by delaying apoptosis induction 

through the expression of a vaccinia virus derived anti-apoptotic gene.  B13R is a gene in the Western 

Reserve (WR) strain of vaccinia that has been shown to protect against apoptosis via the extrinsic 

pathway in cells infected with vaccinia virus (427). The gene product, serpin-2 (SPI-2), is expressed early 

during infection and is related to the serine protease inhibitor family of genes (428, 492).  SPI-2 and its 

ortholog in cowpox, cytokine response modifier A (CrmA), are the best studied of the poxvirus serpins.  

CrmA inhibits IL-1 converting enzyme (caspase 1) and prevents apoptosis (428).  It has also been shown 

to block apoptosis initiated by the Fas and TNF receptors by potently inhibiting caspase 8-mediated 
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apoptosis (493).  Additionally, CrmA has the ability to abrogate the effects of granzyme B released from 

cytotoxic T lymphocytes (CTLs) in vitro (424). CrmA thus has the ability to prevent apoptosis initiated 

by the extrinsic and CTL-mediated pathways.  The ortholog of WR B13R in MVA however is fragmented 

(181R/182R) and rendered nonfunctional (440).  In this study, we have replaced the fragmented genes in 

MVA with a functional copy of B13R from the WR strain to delay the onset of apoptosis, increase 

antigen load and persistence, as well as improve the adaptive immune response. Our data show that MVA 

expressing the full-length B13R, MVA-B13R, is capable of delaying apoptosis of infected cells compared 

to MVA and this leads to enhanced humoral responses in mice following vaccination.   
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Results 

MVA induced cell death is mediated by caspases  

To determine the degree of apoptosis induced by MVA, we infected Hela cells at an MOI of 3 and 

measured caspase 3 activation in MVA-infected cells by staining for the early vaccinia virus E3 protein to 

assess MVA infection (MVA+ cells) and for active caspase 3 (Fig. 1A). We used active caspase 3 to 

detect cells undergoing apoptosis as it is a main downstream effector caspase in the apoptosis cascade that 

is activated upon cleavage from its inactive pro-caspase 3 form by initiator caspases 8 or 9. In addition, 

we stained cells with an amine reactive dye, Live/Dead near-IR dead cell stain, to detect membrane 

permeability which denotes cells undergoing later stages of apoptosis (also active caspase 3+) or necrosis 

(active caspase 3-). Through 88 hours after infection, MVA infection significantly increased caspase 3 

activation indicating caspase-dependent cell death induced by MVA (Fig. 1B). To further confirm the role 

of cellular caspases during MVA induced cell death, we added inhibitors specific for individual caspases 

or for all caspases during MVA infection and determined caspase 3 activation levels at 50 hours post 

infection. Inhibition by a pan-caspase inhibitor as well as individual caspases such as 3, 4, 6, and 8 led to 

reduced activation of caspase 3 during MVA infection compared to the vehicle treated MVA infected 

cells indicating a role for multiple caspases in MVA-induced cell death (Fig. 1C).   

 

MVA induced apoptosis is delayed by B13R expression  

After confirming the role of caspases in MVA-mediated cell death, we expressed the B13R gene derived 

from WR vaccinia to determine if B13R expression during MVA infection would lead to a delay in cell 

death (Fig. 1D). The MVA genes 181R/182R in MVA comprise the non-functional disrupted orthologs of 

the WR B13R gene and we initially removed them via homologous recombination with a GFP-encoding 

PCR product to generate MVA-GFP 181R/182R. The GFP gene was then replaced with the full-length 

WR B13R gene generating MVA-B13R. A Western blot of MVA-B13R infected cell lysates showed a 

band of expected size of 38.5 kDa for MVA-B13R confirming its expression (Fig. 1E). WR vaccinia 

infected cells served as the positive control and the absence of a band in MVA and mock infected DF-1 
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cells (cell line permissive to MVA replication) confirmed B13R expression by our novel construct, MVA-

B13R.  

 

To confirm functionality of the B13R gene, we infected Hela cells with MVA-B13R and subsequently 

treated the infected cells with TNF and cycloheximide to chemically induce apoptosis. As expected, 

TNF and cycloheximide treatment induced strong caspase 3 activation in cells as early as 24 hours. 

However, infection with MVA-B13R significantly reduced caspase 3 activation by as much as 30% at 24 

hours post-treatment (Fig. 1F). These data indicate that B13R expression is capable of delaying activation 

of the apoptotic process.  To address whether expression of B13R would lead to enhanced replication of 

the virus, we determined the growth curves of MVA or MVA-B13R by infecting DF-1 cells at an MOI of 

0.05 and viral titers were measured from cell lysates. The growth curves for the viruses did not differ over 

time indicating that B13R expression did not affect the replication and spread of MVA in DF-1 cells (Fig. 

1G).  Additionally, EM imaging of infected cells showed no structural differences in budding, mature 

virions produced by the two viruses at 24 hours after infection (Fig. 1H). Thus, B13R expression during 

the course of MVA infection is able to delay cell death induction without interfering with the growth rate 

or structure of the virus.  

 

MVA-B13R delays death of infected cells compared to MVA  

After confirming that B13R expression is capable of delaying chemically induced cell death, we 

compared the kinetics of cell death between MVA-B13R and MVA. MVA infection resulted in strong 

activation of caspase 3 in Hela, RD, and C2C12 cell lines. Kinetic analysis of Hela cells infected at MOI 

of 2 demonstrated significant delay of caspase 3 activation by MVA-B13R compared to MVA beginning 

at 36 hours after infection (Fig. 2A). Interestingly, MVA-B13R infection significantly increased the 

frequency of necrotic cells e.g. cells undergoing non-apoptotic cell death (Fig. 2A). We performed the 

same analysis in RD cells, a human muscle cell line derived from a patient’s rhabdomyosarcoma, as 



  

 

57 

immunizations are typically administered through the intramuscular route. At an MOI of 3 for infections, 

we again saw a delay in caspase 3 activation by MVA-B13R in the RD cells (Fig. 2B).  Additionally, as 

we aimed to perform immunogenicity studies in a mouse model, we used a mouse myoblast cell line, 

C2C12, to test the effect of B13R expression during MVA infection.  The MOI used for the C2C12 cell 

line was lowered to 0.3 to achieve approximately 50% infection as greater amounts of virus caused rapid 

cell death for both virus strains.  The reduced level of infectivity allowed us to detect lowered caspase 3 

activation as well as increased cell necrosis over time for MVA-B13R compared to MVA, similar to what 

was observed during infection in Hela cells (Fig. 2C).  

 

As the next ideal preclinical model, we hope to test the immunogenicity of MVA-B13R in is rhesus 

macaques, we assessed how MVA-B13R would influence viability of immune cells from rhesus 

macaques. Peripheral blood mononuclear cells (PBMCs) from naïve rhesus macaques were infected ex 

vivo with MVA or MVA-B13R at MOI 3 and stained to assess MVA infection and viability among 

various cell subsets by flow cytometry (Fig. 2D-G). We first determined the level of MVA infectivity of 

different immune cell subsets (Fig. 2F). Plasmacytoid DCs (pDCs, Lin- HLA-DR+ CD11c- CD123+), 

followed by CD141 (BDCA-3)+ DCs (Lin- HLA-DR+ CD11c+ CD141+ CD1c-) and CD1c (BDCA-1)+ 

DCs (Lin- HLA-DR+ CD11c+ CD1c+ CD141-) were among the more highly infected subsets with 50-

95% infectivity. B cells (HLA-DR+ CD20+) as well as CD16+ CD14- (Lin- HLA-DR+) cells were 

moderately infected, ranging from about 15-35% infectivity. Both CD8+ and CD4+ T cells remained 

lowly infected with a range of 0.5-10% infection.  

 

Given the important role antigen presenting cells (APCs) play in instigating immune responses and the 

higher level of infectivity observed in these subsets, we focused on the effect of MVA infection on DCs. 

pDCs play an important role for anti-viral responses through rapid release of type I interferons (IFNs) 

upon activation and antigen presentation capabilities through MHC class I and II (494, 495). Here, we 

observed a decrease in caspase 3 activation for MVA-B13R infected pDCs compared to MVA infected 
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cells (Fig. 2G). CD141+ DCs highly express type I IFNs, IL-12p70, and TLR3, have the capacity to 

induce T helper 1 cell responses, and can cross-present efficiently to cytotoxic T cells (496-499). Here, 

CD141+ DCs that were infected with MVA exhibited a higher frequency of caspase 3 activation 

compared to MVA-B13R infected cells from the same animal indicating better viability of these cells 

after MVA-B13R infection, similar to that observed in pDCs (Fig. 2G). As B cells are APCs as well as 

the source of antigen-specific antibodies, we assessed B cell viability after MVA infection and saw a 

trend for improved viability after infection with MVA-B13R (Fig. 2G). The remaining APC and T cell 

subsets did not demonstrate differences in viability after MVA-B13R infection relative to MVA (Fig. 

2G). Together, these data indicate the possibility that MVA-B13R based vaccinations in vivo can 

significantly influence the viability of APCs which would substantially shape the adaptive immune 

response.  

 

Generation of MVA/SHIV and MVA-B13R/SHIV  

In our goal to generate a viral vector for immunogenicity studies, we generated recombinant MVA and 

MVA-B13R viruses that express SIV Gag and Pol, and HIV Envelope (Env) antigens (Fig. 3A). For both 

viral strains, we inserted the SIVmac239-derived Gag and Pol genes into the deletion III site and the clade 

C HIV Env 1086C gene between essential genes of the viral genomes resulting in viruses expressing 

SHIV antigens. We confirmed dual expression of SIV Gag and HIV Env by infecting DF-1 cells and 

staining with antibodies specific to these proteins for flow cytometry (Fig. 3B). Greater than 85% of the 

infected cells expressed Gag and Env, and about 90% of the Gag+ cells co-expressed Env (Fig. 3B).  In 

addition, we performed Western blot analysis of infected cell lysates to confirm the sizes of the expressed 

proteins which revealed the presence of Gag and Env proteins in cell lysates at the expected sizes (Fig. 

3C). To test if there was a difference in the level of protein expression between the two recombinant 

vectors over time, we performed a kinetic analysis over 96 hours after infection for Env expression in cell 

lysates as well as in the supernatants as these constructs are designed to make SHIV virus-like particles 

(VLPs). Interestingly, Env production through the course of infection appeared to be higher in the MVA-
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B13R/SHIV infected cell lysates and in particular in the supernatant compared to MVA/SHIV (Fig. 3D). 

Using infected DF-1 cells from the same time points, we determined that the level of caspase 3 activation 

in the MVA-B13R/SHIV infected cells was significantly lower compared to MVA/SHIV infected cells 

with a concomitant increase in necrosis (Fig. 3E). This may indicate the ability of MVA-B13R to produce 

more antigen through its prolonged viability of infected cells.  

 

MVA-B13R/SHIV induces higher and durable Env-specific humoral responses compared to 

MVA/SHIV 

To determine the immunogenicity of MVA-B13R/SHIV in vivo, we immunized BALB/c mice 

intramuscularly with either MVA/SHIV or MVA-B13R/SHIV at a dose of 107 pfu on weeks 0 and 4 (Fig. 

4A). To determine antigen-specific humoral immunity, we focused our analyses on after the booster 

immunization and measured the Env-specific antibody secreting cells (ASCs) in the spleen at week 5, 

Env-specific IgG titers in serum at weeks 5-8, and memory B cells (MBCs) in the spleen at week 8.  

Impressively, the MVA-B13R/SHIV immunized mice induced approximately 3-fold higher number of 

Env-specific ASCs compared to MVA/SHIV immunized mice (Fig. 4B). This was associated with 

significantly higher levels of Env-specific IgG titers detected in the serum of MVA-B13R/SHIV mice at 

weeks 5 and 6 (Fig. 4C).  Serum titers continued to be higher for MVA-B13R/SHIV mice at week 8. 

Additionally, we saw less contraction of serum titers at week 8 compared to week 5 for MVA-

B13R/SHIV mice (Fig. 4D). Impressively, at week 8, we also saw an increased frequency of Env-specific 

MBCs detected in the spleens of MVA-B13R/SHIV mice compared to MVA/SHIV (Fig. 4E). Taken 

together, our data demonstrate the ability of MVA-B13R/SHIV to induce greater and more durable Env-

specific humoral responses compared to MVA/SHIV in our prime/boost vaccination regimen.  

 

We additionally measured MVA-specific IgG serum titers and observed no difference between the groups 

at weeks 5 or 6 (Fig. 4F). When we compared the ratio of Env-specific to MVA-specific serum IgG titers, 

MVA-B13R/SHIV immunized mice had a higher ratio which indicated skewing of humoral responses to 
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the recombinant antigen of interest in comparison to the viral vector backbone itself (Fig. 4G). Together, 

our results demonstrate the ability of our MVA-B13R/SHIV construct to generate more antigen-specific 

humoral responses while avoiding generation of excessive anti-vector responses. We also determined 

SHIV-specific cellular responses to autologous HIV Env and SIV Gag antigens by stimulating with 

peptide pools for cytokine detection by intracellular cytokine staining (ICS) and ELISpot assays. These 

analyses did not reveal significant differences between the groups at weeks 5 demonstrating that MVA-

B13R/SHIV did not enhance T cell response (Fig. 4H). 

 

MVA-B13R/SHIV delays anti-viral IFN responses   

In an effort to understand if there are any differences between MVA and MVA-B13R on a global level 

early after vaccination we performed RNA-Seq analysis.  We immunized mice intramuscularly with 107 

pfu of virus and cells from the draining inguinal lymph node were isolated at 1, 2, and 6 days after 

immunization for RNA-Seq analysis.  Inguinal lymph nodes were isolated from naïve mice as a control. 

Differentially expressed genes (DEGs) between groups were defined as having a log2 fold change of > 1.0 

or < -1.0 and an adjusted p-value of < 0.05.  For MVA/SHIV mice compared to naïve mice, the number 

of DEGs peaked at day 1 with 255 DEGs and then decreased at days 2 and 6 (Fig. 5A).  Metacore was 

used to curate a list of the top 50 enriched gene ontology (GO) processes for DEGs of each day and 

subsequently, REViGO was used to summarize and display the GO processes in the form of a network 

(500). Analysis of the GO processes related to day 1 DEGs highlighted processes mainly related to type I 

and type II IFN responses, anti-viral defense responses, and antigen processing and presentation (Fig. 

5B).  Analysis of MVA/SHIV day 2 samples indicated mostly type I IFN responses, anti-viral defense 

responses, and responses to compounds such as corticosterone, cAMP, and calcium ion. The response to 

molecules considered to be components of signaling cascades indicate a heightening of the global 

immune response at this point (Fig. 5C).  At day 6, we observed a shift from innate immune response to 

more adaptive immune responses which included B cell activation, leukocyte differentiation, and antigen 

processing and presentation (Fig. 5D). 
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The number of DEGs detected for MVA-B13R/SHIV immunizations compared to naïve began with 66 

DEGs at day 1, then increased to 226 at day 2, and 318 at day 6 (Fig. 5A). The different number of DEGs 

detected on each day for each vaccination group when compared to naïve mice indicated the potential 

differences in the early response generated by both viruses, particularly at day 1 after vaccination. 

Comparison of MVA-B13R/SHIV versus MVA/SHIV at day 1 did not yield DEGs but there were 45 

genes that had an adjusted p-value of < 0.05 regardless of log2 fold change values and select genes are 

depicted here (Fig. 5E). These genes are related to anti-viral response (Bst2, Ifi35, Nmi, Lgals9, Samhd1), 

antigen processing and presentation (Psme2, Psmb9), and apoptosis (Casp8, Sp110). Interestingly, 80% of 

the genes (36 of 45) have lower expression in the MVA-B13R/SHIV group than the MVA/SHIV (data 

not shown).  

 

Gene set enrichment analysis (GSEA) was performed to determine gene sets that were differentially 

enriched between groups.  Gene sets with false discovery rates of < 0.05 and normalized enrichment 

scores of > 1.35 or < -1.35 were considered significantly enriched. GSEA results of day 1 samples for 

MVA/SHIV mice compared to naïve mice demonstrated enrichment in the IFN Alpha Response gene set, 

supporting the enhanced type I IFN responses detected in the GO processes analysis (Fig. 5F, gray). 

MVA-B13R/SHIV day 1 samples also demonstrated enrichment for IFN responses compared to naïve 

mice (Fig. 5F, red).  

 

Surprisingly, when we performed GSEA of MVA-B13R/SHIV compared to MVA/SHIV at day 1 of 

vaccination, the MVA-B13R/SHIV group was negatively enriched for IFN responses when compared to 

MVA/SHIV indicating that MVA-B13R/SHIV mice were mounting an IFN response to a lesser degree 

than MVA/SHIV mice (Fig. 5G). From the three GSEA comparisons performed (MVA/SHIV vs naïve, 

MVA-B13R/SHIV vs naïve, and MVA-B13R/SHIV vs MVA/SHIV) with the Hallmark IFN Alpha 
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Response gene set, we compiled a cumulative list of leading edge genes and depicted the values from 

individual animals in a heatmap (501). We were able to observe that the MVA/SHIV group had higher 

expression levels of IFN signaling related genes compared to the MVA-B13R/SHIV group (Fig. 5H). 

This pattern of lower expression levels in the MVA-B13R/SHIV group at day 1 was also seen for the 

Hallmark IFN Gamma Response gene set (data not shown). GSEA comparisons between both groups at 

days 2 and 6 resulted in no differences in responses indicating MVA-B13R/SHIV immunized mice had 

delayed anti-viral responses that became comparable by day 2 (data not shown). The data indicate that 

while both immunizations induced in vivo anti-viral immune responses, MVA-B13R/SHIV mice were 

generating a less robust type I and II IFN response within the first day of immunization which could 

influence the subsequent adaptive response.  
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Discussion  

Genetic modulation of poxviruses in order to create both safe and immunogenic vectors has been 

extensively studied and reviewed elsewhere (502-504). Here, we introduced a functional copy of the anti-

apoptosis gene B13R from the WR strain of vaccinia into MVA.  The expression of B13R during MVA 

infection demonstrated delayed cell death in vitro in muscle cells as well as professional APCs and 

improved the magnitude and durability of Env-specific antibody titers in addition to memory B cell 

responses in vivo. Interestingly, MVA-B13R/SHIV immunizations were associated with negative 

enrichment of both type I and II IFN responses at one day after the priming vaccination when compared 

to the MVA/SHIV group. Collectively, these data show that restoring the function of the 181R/182R 

genes using WR B13R in MVA significantly delays apoptosis of MVA infected cells and this is 

associated with enhanced humoral immunity and altered IFN signaling. 

 

The immune mechanisms that led to enhanced humoral immunity needs further investigation. The delay 

observed in apoptosis after infection with MVA-B13R in vitro along with the concomitant increase in 

necrosis may have been sufficient to influence the microenvironment and enhance the humoral response. 

Necrosis is a form of regulated cell death that can manifest in a variety of ways including necroptosis and 

pyroptosis (505, 506).  These forms of regulated necrosis are morphologically associated with cell 

swelling, mild chromatin condensation though nuclei remain intact, and the rapid loss of membrane 

integrity leading to the release of cellular contents into the microenvironment such as damage-associated 

molecular patterns (DAMPs) which alert the immune system (507). The delayed apoptosis potentially 

allowed for a prolonged period of time where Env-loaded apoptotic bodies were being released and 

phagocytosed by APCs. Additionally, DAMPs and antigen directly released into the microenvironment 

due to necrosis altogether could have influenced the humoral response. Tam et. al demonstrated that 

administration of exponentially increasing doses of antigen over one week generated greater antibody 

titers compared to a single bolus administration and that the longer period of time the increasing doses 

were administered over, the greater the antibody response (508). The relatively greater amounts of Env 
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detected in cell lysates and supernatants through 96 hours of infection by MVA-B13R/SHIV indicate its 

potential to sustain Env production and release for a longer period of time than MVA/SHIV which could 

have contributed to the improved humoral response (Fig. 3D).   

 

Previously, Perdiguero et al. modulated MVA induced apoptosis by deleting the anti-apoptotic F1L gene 

in MVA which led to increased apoptosis and production of type I IFNs from infected cells (468). 

Immunizations with the F1L deletion mutant resulted in enhanced T cell responses, mainly directed at the 

Pol antigen, while gp120-specific antibody responses were not significantly different compared to 

immunizations with the parental MVA strain. Our approach of delaying apoptosis instead led to 

enhancement in antigen-specific humoral, but not cellular responses. A possible difference between our 

B13R expressing MVA and the F1L deletion MVA mutant may be the cytokines induced after infection. 

The F1L deleted MVA enhanced production of type I IFN response in vitro. This is in contrast to delayed 

IFN responses observed with our MVA-B13R/SHIV construct in mice, which could contribute to 

differential intracellular signaling between the two vectors. Additionally, F1L has been described as a 

suppressor of the pro-apoptotic Bcl-2 family proteins and an inhibitor of caspase 9, the initiator caspase 

for the intrinsic apoptotic pathway (509-511), while B13R and its orthologs alternatively have been 

described as inhibitors of the extrinsic pathway (428, 493). The potential differences in IFN production 

and the targeting of different points of the apoptotic pathway may explain the differences in adaptive 

immune responses observed.   

 

Dai et al. showed that detection of MVA in conventional DCs in mice is mediated by the cytosolic DNA 

sensor cyclic GMP-AMP synthase (cGAS) which signals through the adaptor protein STING and leads to 

induction of type I IFNs (512). They also indicated that processing of MVA virions after viral entry in the 

late endosomal and lysosomal compartments would lead to release of viral DNA into the cytoplasm 

allowing for detection by cGAS. Our RNA-Seq results from day 1 after immunization indicate that MVA-

B13R/SHIV vaccinated mice have significantly lower expression of genes related to immunoproteasome 
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assembly and antigen processing compared to MVA/SHIV vaccinated mice which is not observed at 

subsequent timepoints after immunization (Fig. 5E).  Together, this indicates the possibility that MVA-

B13R is influencing the lysosomal processing pathway of a cell early during infection, hindering the 

release of viral DNA into the cytoplasm for detection by cGAS, and thereby delaying type I IFN 

production. STING has also been shown to be an adaptor protein for other cytosolic DNA sensors such as 

DDX41 (513) which we observed to be expressed lower at day 1 of MVA-B13R/SHIV immunizations, 

supporting our hypothesis of delayed viral DNA sensing (Fig. 5E). The decreased cell death we observed 

for MVA-B13R infected pDCs and CD141+ DCs support the idea of slower viral sensing and cell death 

during MVA-B13R infection (Fig. 2G). The delay in cell death and viral sensing by MVA-B13R in 

addition to the extended period of time where more antigen could be produced likely are sufficient to 

influence the adaptive response.  

 

Interestingly, among the DEGs observed at day 1 for MVA-B13R/SHIV vs MVA/SHIV groups, Casp8 

encoding caspase 8 was observed to be more highly expressed in MVA/SHIV group than MVA-

B13R/SHIV (Fig. 5E). Caspase 8 is an initiator caspase of the apoptosis cascade that responds to 

extracellular stimulus for cell death such as TNF or Fas ligand signaling (514). Caspase 8 activation 

leads to initiation of downstream effector caspases such as caspase 3, 6, and 7. The increased expression 

of Casp8 in MVA/SHIV mice at one day after immunization may indicate an enhanced anti-viral state 

among the cells of the draining lymph node that are likely responding to the inflammatory 

microenvironment and presence of virus.  The reduced expression of Casp8 for the MVA-B13R/SHIV 

group suggest an association with the ability of MVA-B13R to inhibit caspase 8 activation and create a 

temporarily less inflammatory environment during the early stages of vaccination.  It is possible that time 

points earlier than 24 hours after immunization could have revealed further differences between the anti-

viral state induced between our two MVA vectors.  

 



  

 

66 

Others have shown the adjuvating properties of type I IFN signaling on humoral responses following 

acute infection or vaccination (515-518).  We showed here that both MVA/SHIV and MVA-B13R/SHIV 

vaccinations induced significant IFN and IFN responses compared to naïve mice, expected during an 

anti-viral response, however MVA-B13R administration led to reduced expression levels for IFN 

signaling genes at the early stages of infection which became comparable by day 2 (Fig. 5F-H, data not 

shown). The data indicate that there is not an absence of IFN response occurring at this time, but there 

may be a slower ramping up to the peak of the immune response against MVA-B13R which could be due 

to less overall cell death initially occurring, delayed viral sensing by infected cells, and greater antigen 

production for an extended period of time. Altogether, these processes occurring early in the response 

may be influencing the enhanced Env-specific antibody and memory B cell levels we observed.  Future 

studies to elucidate the differing early responses against these viruses in vivo are still required.   

 

In summary, we show that MVA expressing an anti-apoptotic gene, B13R, is effective at delaying cell 

death of infected cells and when used as a vaccine vector (MVA-B13R/SHIV) is capable of generating 

strong and durable Env-specific antibody titers and memory B cells. These in vivo results are likely due to 

the increase in antigen levels produced over time in addition to the delay of the anti-viral inflammatory 

response generated against MVA-B13R. Studies in non-human primate models would be informative to 

further determine the immunogenicity of the MVA-B13R vector as the NHPs are closer to humans and 

will better inform the clinical utility of MVA-B13R as a vaccine vector.  
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Methods  

Generation of MVA-B13R  

Due to high sequence homology between vaccinia virus WR B13R and MVA 181R/182R genes (98.6% 

homology), we first knocked out MVA 181R/182R from the genome via homologous recombination with 

PCR product 1 encoding A) the end of the MVA 180R gene and the intergenic region at the end 180R, B) 

a GFP cassette with a P11 promoter, and C) the intergenic region at the start of MVA 183R and the 

beginning of the MVA 183R gene. Fragments A, B and C were generated separately and designed to have 

at least 15bp overhang which allowed for the assembly of each fragment together by overlap extension 

PCR. Fragment A was amplified from MVA DNA using forward primer LW-540 (5’-

GGATATTGCATGATAGAATGGTTCGGTGG-3’) and reverse primer LW-541 (5’-

AGAAGATATCCATAGTAATCGATATTGGTCG-3’). Fragment B was amplified from the plasmid 

insertion vector pLAS-1 using forward primer LW-542 (5’-

CCAATATCGATTACTATGGATATCTTCTTTTCATTTTGTTTTTTTCTATGCTATAAATGGTGAG

CAAGG-3’) and reverse primer LW-543 (5’-TTACTTGTACAGCTCGTGCATGCCG-3’).  Fragment C 

was amplified from MVA DNA using forward primer LW-544 (5’-

GGCATGCACGAGCTGTACAAGTAACCATTTTTTTTAAAAAAATAGAAAAAACATGTGGTATT

AGTGC-3’) and reverse primer LW-545 (5’-CACAATCTTTGACATCATCCCACGGC-3’). For overlap 

extension PCR of fragments A, B, and C, forward primer LW-540 and reverse primer LW-545 were used. 

Following recombination of the GFP-encoding PCR product into MVA and plaque purification, GFP was 

subsequently knocked out with PCR product 2 encoding WR B13R flanked by fragments A and C as 

described above via recombination.  PCR product 2 was amplified from WR DNA using forward primer 

LW-540 and reverse primer LW-545 (can use same primers due to presence of identical sequences in both 

MVA and WR genomes). Recombinants were plaque purified to generate MVA-B13R. Sequences were 

confirmed for both PCR products and MVA-B13R viruses (GenBank accession number MK170380). 

Lysates of virus infected DF-1 cells were purified through a 36% sucrose cushion for virus stocks.  
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In vitro Infections   

DF-1 cells (spontaneously immortalized chicken embryo fibroblast cell line), HeLa cells, C2C12 cells (a 

mouse myoblast cell line, ATCC, CRL-1772), and RD cells (a human muscle rhabdomyosarcoma, 

ATCC, CCL-136) were cultured in Dulbecco’s modified Eagles medium supplemented (DMEM) with 

10% fetal bovine serum (FBS), 100 units penicillin/ml, 0.1 mg/ml streptomycin, and supplemented with 

1% L-glutamine. For infections, MVA viruses at indicated MOI were added in complete DMEM media 

with 2% FBS.  After 1.5-2 hours of inoculation, inoculum was removed and fresh 10% FBS complete 

DMEM media was added. To harvest cells, DMEM media was removed, cells were washed with warm 

PBS and treated with trypsin to release cells into suspension. For testing the effect of various caspase 

inhibitors during MVA infection, indicated caspase inhibitors (R&D Systems) were reconstituted in 

DMSO. Cells were inoculated with virus at MOI 2 for 2 hours. Inoculum was replaced with fresh 

complete DMEM media containing 100 M of indicated caspase inhibitors and cells were harvested 48 

hours post infection to be stained for intracellular active caspase 3 expression.  For testing functionality of 

B13R during MVA infection, Hela cells were first inoculated with virus at MOI of 3 for 1.5-2 hours, 

inoculum was removed, and fresh DMEM media was added. 16 hours later, media was replaced with 

DMEM media containing 25ng/ml recombinant human TNF (Tonbo) and 5g/ml cycloheximide 

(Sigma) and cells were harvested for staining at indicated time points post treatment.  

 

Western Blot Analysis 

DF-1 cells were infected at indicated MOI of virus and harvested at indicated time points post infection.  

Supernatant was collected and centrifuged to ensure separation of cells.  After infected cells were washed 

with cold PBS, RIPA buffer (ThermoScientific) with protease inhibitor was added and cells lysates were 

collected according to manufacture protocol.  Lysates or supernatant samples were added to Laemmli 

buffer containing -mercaptoethanol, heated to 95C and run on 4-15% SDS-PAGE gels for Western 

blots. B13R was detected with polyclonal rabbit anti-B13R serum (gift from Geoffrey Smith, University 



  

 

70 

of Cambridge; diluted 1:5000), Gag was detected with a mouse anti-Gag p27 monoclonal antibody (2F12; 

NIH AIDS Reagent Program), and Env was detected with a mouse anti-Env monoclonal antibody (ID6; 

NIH AIDS Reagent Program). Secondary goat anti-rabbit Ig HRP (Southern Biotech; diluted 1:5000) or 

goat anti-mouse IgG HRP (Southern Biotech; diluted 1:10,000) was used for detection.  ECL substrate 

(GE Healthcare) was used for chemiluminescence detection. Image Lab V6 (Bio-Rad) was used for 

densitometry analysis.  

 

Analysis of Virus Growth  

DF-1 cells were infected at MOI 0.05 with MVA or MVA-B13R. At indicated time points post infection, 

cell layers were washed with PBS and trypsinized to harvest cells.  Collected cells were freeze/thawed at -

80C/37C, respectively, and sonicated three times to ensure disruption of cell membranes and release of 

virus. Viral titers recovered from lysates were performed on DF-1 cells by plaque assay.  

 

Infection of Rhesus Macaque PBMCs 

For ex vivo infection of rhesus macaque peripheral blood mononuclear cells (PBMCs), blood was 

collected from naïve rhesus macaques in sodium citrate CPT tubes. Samples were centrifuged at 2800 

RPM for 30 minutes at room temperature with no deceleration. Buffy coats containing PBMCs were 

collected, washed with HBSS without calcium and magnesium, and resuspended in complete RPMI 

medium (RPMI, 10% FBS, 100 units penicillin/ml, 0.1 mg/ml streptomycin, 10M HEPES). Isolated 

PBMCs were infected with virus at MOI 3 for 20 hours at 37C and then stained for MVA, cell subset 

markers, and viability markers for flow cytometry analysis.  

 

Generation of Recombinant MVAs Expressing SHIV Antigens  

All recombinant SHIV-expressing MVA vectors expressed the SIVmac239 Gag and Pol genes under an 

independent early/late vaccinia promoter (modified H5, mH5) recombined into the deletion III site of 
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MVA. The modified clade C HIV Env 1086c gp150 K160N gene (GenBank accession number 

FJ444399.1) (519) was cloned between two XmaI restriction sites of the plasmid transfer vector pLW-73 

and used to recombine into the essential region of the MVA genome (between genes I8R and G1L) under 

an independent mH5 promoter. Recombinant MVAs were plaque purified and tested for contamination 

with parental MVAs by PCR using primers in the deletion III flanking regions. Lysates of virus infected 

DF-1 cells were purified through a 36% sucrose cushion for virus stocks.  

 

Flow Cytometry  

For in vitro detection of cells undergoing cell death, virally infected cells were harvested and stained with 

Live/Dead cell viability stain (ThermoFisher), fixed and permeabilized with Cytofix/Cytoperm (BD 

Biosciences), and stained intracellularly for MVA E3 protein (TW2.3; BEI Resources) and active caspase 

3 (C92-605; BD Pharmingen). For detecting expression of SIV Gag and HIV Env by SHIV constructs, 

virally infected cells were stained with Live/Dead cell viability stain, fixed and permeabilized with 

Cytofix/Cytoperm, and stained intracellularly with monoclonal antibodies to p27 Gag (2F12; NIH AIDS 

Reagent Program) and HIV Env (ID6; NIH AIDS Reagent Program). Infected rhesus macaque PBMCs 

were surface stained with the following: Live/Dead near-IR cell viability stain, CD3 (SP-34-2; BD 

Biosciences), CD14 (M5E2; BioLegend), CD11c (3.9, BioLegend), CD123 (6H6, BioLegend), CD20 

(2H7; BioLegend), CD16 (3G8, Sony Biotechnology), HLA-DR (G46-6, BD Biosciences), and CD141 

(1A4; BD Biosciences). Cells were fixed and permeabilized with Cytofix/Cytoperm and stained 

intracellularly for active caspase 3 and MVA. Cells were acquired on an LSR Fortessa and analyzed using 

the FlowJo software (Treestar Inc. CA). For intracellular cytokine staining, stimulated mouse splenocytes 

were stained with Live/Dead cell viability stain, CD4 (RM4-5, Tonbo), and CD8 (53-6.7, BioLegend). 

Cells were then fixed and permeabilized with Cytofix/Cytoperm and stained intracellularly for IFN 

(XMG1.2, BD Biosciences), IL-2 (JES6-5H4, BD Biosciences), and TNF (MP6-XT22, BD Biosciences).  
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Mice, Immunizations, and Sample Collections  

6- to 8-week-old female BALB/c mice were purchased from Charles River Laboratory.  For MVA 

immunizations, mice were intramuscularly immunized with 107 pfu of virus diluted in sterile phosphate-

buffered saline. At indicated time points after immunization, blood was collected via tail-vein bleed and 

serum was isolated and stored at -20C. Where applicable, cells were isolated from spleens and inguinal 

lymph nodes by manual disruption through 100M strainers in complete RPMI medium (RPMI, 10% 

FBS, 100 units penicillin/ml, 0.1 mg/ml streptomycin, 10M HEPES, and 55M -mercapthoethanol). 

Red blood cells were lysed with ACK lysing buffer and washed twice with PBS at 1200 RPM for 10 

minutes prior to use. 

 

Measuring Antibody Titers 

For ELISAs, plates were coated with 0.5g/ml recombinant HIV gp140 (C.1086 gp140C K160N, NIH 

Aids Reagent Program) or 107 pfu/ml MVA diluted in 0.2M bicarbonate buffer, pH 9.4. 2.0g/ml of goat 

anti-mouse IgG (Sigma M2650) was used to coat wells for standards. Plates were blocked for 1 hour at 

room temperature with 5% non-fat dry milk and 4% whey in PBS with 0.05% Tween20 (PBS-T). Serum 

samples and standard dilutions were prepared in 4% whey in PBS-T.  Purified mouse IgG (Southern 

Biotech 0107-01) was used as IgG standard. Samples or standards were incubated for 2 hours at room 

temperature and plates were washed six times with PBS-T.  Bound Env-specific IgG was detected using 

goat anti-mouse IgG HRP (Southern Biotech 1030-05) at 1:40,000 dilution for 1 hour at room 

temperature, then wells were developed using TMB Peroxidase Substrate (KPL).   

 

ELISpot Assays 

For antibody secreting cells, 96-well ELISpot plates (Millipore) were coated with 0.5g/ml of gp140 or 

1.0g/ml goat anti-mouse Ig (Southern Biotech) in PBS overnight at 4C. Plates were washed six times 

with PBS-T and three times with PBS, then blocked with complete RPMI medium for at least 2 hours at 
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37C. Cells were resuspended in complete RPMI medium and a series of 1:2 or 1:3 dilutions of cells were 

added to plates and incubated for 5 hours at 37C. Goat anti-mouse IgG biotin (Southern Biotech) 

antibody diluted in PBS-T with 1.0% serum was added for 1 hour at room temperature to detect bound 

mouse IgG antibody. Streptavidin-alkaline phosphatase (MABTECH) diluted in PBS-T with 1.0% serum 

was added for 1 hour at room temperature in the dark, followed by 1-Step NBT substrate 

(ThermoScientific) to detect spots. For memory B cell assays, 106 isolated splenocytes were cultured in 

flat-bottom 24-well plates and stimulated with 1g/ml resiquimod (Sigma) and 10ng/ml recombinant 

murine IL-2 (Peprotech) in complete RPMI medium in replicates of 8 or left unstimulated in media. Cells 

were incubated for 3 days at 37C. ELISpot plates were prepared as described above. Stimulated cells 

were washed twice with PBS and resuspended in fresh complete RPMI media. Cells for each replicate 

were diluted accordingly and divided for plating for detection of either antigen-specific or total IgG 

antibody production. Cells were incubated on plates for 5 hours at 37C. Secondary and detection 

antibody procedures were the same for antibody secreting cell assays as described above.   

 

Intracellular Cytokine Stimulations  

106 splenocytes were cultured in 200l complete RPMI medium (RPMI, 10% FBS, 100 units 

penicillin/ml, 0.1 mg/ml streptomycin, 10M HEPES, and 55M -mercapthoethanol) with HIV Env 

1086C peptides or SIVmac239 Gag peptides at 37C. After 1.5 hours, GolgiStop (BD Biosciences) and 

brefeldin A (Sigma) were added to each sample and cultured for an additional 4.5 hours followed by 

antibody staining for flow cytometry.  

 

RNA-Seq  

RNA-Seq analyses were conducted at the Yerkes NHP Genomics Core on naïve (n = 5), MVA/SHIV 

immunized (n = 5/time point, 3 time points), and MVA-B13R/SHIV immunized (n = 5/time point, 3 time 

points) mice. RNA was extracted from lymph node cells in QIAGEN Buffer RLT by using QIAGEN 
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RNEasy Micro protocol as described previously (520) and assessed for integrity and quantity using an 

Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). 2 ng of total RNA was used as input for 

mRNA amplification using 5’ template-switch PCR with the SMART-Seq v4 Ultra Low Input RNA kit 

(Takara Bio USA, Inc.) according to manufacturer’s instructions. Amplified mRNA was fragmented and 

appended with dual indexed bar codes using Illumina NexteraXT DNA Library Prep kits. Amplified 

libraries were validated using the Agilent 4200 TapeStation and quantified using a Qubit fluorometer. 

Libraries were normalized, pooled followed by clustering on a HiSeq3000/4000 flow cell using the 

Illumina cBot. The clustered flow cell was then sequenced on the Illumina HiSeq3000 system employing 

a single-end 101 cycles run, with multiplexing to achieve approximately 20 million reads per sample.  

 

RNA-Seq Statistical Analyses  

RNA-Seq data were aligned to the GRCm38.p3 assembly of the mouse genome from GENCODE 

(available at ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_M3/). Alignment was 

performed using STAR v2.5.2b. Transcript abundance was estimated using internally with STAR using 

the algorithm of htseq-count. One sample (MVA/SHIV mouse, day 1) was discontinued from further 

analysis as it mapped poorly to the reference sequence. Differential expression analyses were performed 

between two sample sets using DESeq2 (significance: adjusted p-value < 0.05 and log2 fold change > 1.0 

or < -1.0). Genes with a total count of less than 20 counts across all samples (total n = 35) were excluded 

from analysis. DEGs from a comparison were analyzed through Metacore from Thomson Reuters for the 

top 50 enriched gene ontology (GO) processes. REViGO (http://revigo.irb.hr/) and Cytoscape software 

was used to visualize related enriched GO processes with nodes and links with similar terms linked with 

edges (500, 521). Color is related to GO process p-values, node size is related to number of related 

processes, and edge width related to degree of similarity. Attribute values of each network are relative to 

the maximum and minimum values of that network. Gene set enrichment analysis (GSEA) was performed 

using the desktop module available from the Broad Institute (https://www.broadinstitute.org/gsea/). 

GSEA was run for MSigDB curated gene set collections with 1,000 permutations using the gene set 

http://revigo.irb.hr/
https://www.broadinstitute.org/gsea/
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permutation type (normalized enrichment score cutoff > 1.35 or < -1.35 and false-discovery rate < 0.05).  

Chip platform used was derived from the GRCm38-p3 mouse reference used for mapping and abundance 

estimation.  

 

Data Availability  

RNA-Seq dataset is available at the GEO repository under accession GSE119884.  

The data that support the findings of this study are available upon request from the corresponding author. 

 

Statistics 

Statistical analysis was performed using repeated measure two-way ANOVA with Tukey test to correct 

for multiple comparisons (when comparing two or more groups over various time points), two-tailed 

unpaired Mann Whitney test (when comparing two groups), or two-tailed paired Student’s t test (when 

comparing matched samples) using Prism 7.0d (GraphPad) software.  P-values < 0.05 were considered 

statistically significant.  

 

Study Approval  

Mice were maintained and used according to institutional and NIH guidelines in a specific pathogen-free 

facility. All animal studies were approved by Emory University IACUC (Atlanta, GA).  
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Figure 1. B13R expression by MVA during infection delays apoptosis of infected cells. Hela cells 

were infected with MVA at an MOI of 3 and active caspase 3 expression of MVA infected cells was 

detected by flow cytometry. (A) Representative flow gating to determine the viability of MVA infected 

cells: doublet exclusion followed by vaccinia virus E3 protein expression for MVA+ cells and Live/Dead 

and active caspase 3 staining for viability. (B) Percentages of active caspase 3+ cells of MVA+ cells. (C) 

Hela cells were infected with MVA at an MOI of 2 for 2 hours and then inoculum was replaced with fresh 

media containing indicated caspase inhibitors or DMSO (vehicle control) at 100 M. Active caspase 3 

expression was detected among MVA+ cells at 48 hours post infection and normalized to vehicle control. 

(D) Schematic of B13R insertion strategy: 181R/182R gene from the MVA genome was replaced via 

homologous recombination with GFP. GFP was then replaced with Western Reserve (WR) strain of 

vaccinia virus-derived B13R to generate MVA-B13R. (E) Western blot analysis of DF-1 cell lysates 

infected with WR, MVA, or MVA-B13R at an MOI of 0.5 at 24 hours after infection to detect B13R 

expression. (F) Hela cells were mock infected or infected with MVA-B13R for 16 hours at an MOI of 3. 

Cells were then treated with 25ng/ml TNF  and 5 g/ml cycloheximide and caspase 3 activation among 

MVA+ cells was determined. (G) DF-1 cells were infected at an MOI 0.05 with MVA or MVA-B13R. At 

indicated times after infection, cell lysates were harvested to determine viral titers by plaque assay. (H) 

DF-1 cells were infected at an MOI 0.25 with MVA or MVA-B13R and imaged by electron microscopy 

at 24 hours post infection. For B, C, F, and G, data are mean   SEM of duplicate samples. Data are 

representative of two or more independent experiments. *, p < 0.05.   
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Figure 2. MVA-B13R delays cell death of infected cells compared to MVA. Kinetics of caspase 3 

activation and necrosis of mock, MVA, or MVA-B13R infected (A) Hela cells (MOI of 2), (B) RD cells, 

a human muscle cell line (MOI of 3), and (C) C2C12 cells, a mouse myoblast cell line (MOI of 0.3). (D-

G) PBMCs from rhesus macaques were co-incubated with MVA or MVA-B13R (MOI of 3) and analyzed 

by flow cytometry to detect MVA+ cell subsets and viability. (D) Representative gating strategy of APC 

subsets: B cells (CD3- CD20+ HLA-DR+), CD16+ CD14- cells, pDCs (Lin- HLA-DR+ CD11c- 

CD123+), CD141+ DCs (Lin- HLA-DR+ CD11c+ CD141+ CD1c-), CD1c+ DCs (Lin- HLA-DR+ 

CD11c+ CD1c+ CD141-). (E) Representative gating strategy of CD4+ and CD8+ T cells. (F) 

Representative MVA staining of mock or MVA infected pDCs and percentages of MVA and MVA-B13R 

infection for various cell subsets. Lines indicate matched samples. (G) Representative viability staining 

with active caspase 3 and Live/Dead of MVA or MVA-B13R infected pDCs and percentage of active 

caspase 3+ cells among MVA+ cell subsets. Lines indicate matched samples. For A-C, data are mean  

SEM of duplicate samples and are representative of two or more independent experiments. Exact p values 

reported; *, p < 0.05; **, p < 0.01.  
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Figure 3. Generation of recombinant MVAs expressing HIV Env 1086C and SIV Gag. (A) 

Schematic showing insertion sites for HIV Env and SIVmac239 Gag and Pol genes in MVA genomes to 

generate SHIV constructs.  Both gene cassettes are under the control of an independent early/late vaccinia 

promoter, modified H5 (mH5). (B) Flow cytometry confirmed dual expression of SIV Gag and HIV Env 

from MVA/SHIV and MVA-B13R/SHIV constructs at 36 hours after infection of DF-1 cells. (C) Western 

blotting confirmed expression of SIV Gag and HIV Env from MVA/SHIV and MVA-B13R/SHIV 

infected DF-1 cell lysates at 48hr after infection at MOI of 0.05. (D-E) DF-1 cells were infected with 
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MVA/SHIV or MVA-B13R/SHIV at MOI 0.05. (D) Cell lysates and supernatant were harvested at 

indicated time points for detection of HIV Env by Western blot. Relative quantities of each band as 

determined by densitometry are presented below Western blot images. Representative images from two 

independent experiments. (E) Cells were harvested at indicated time points and percentages of caspase 3 

activation and necrosis were detected for MVA+ cells. For E, data are mean  SEM of two independent 

experiments. *, p < 0.05 
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Figure 4. MVA-B13R/SHIV immunization enhances Env-specific humoral responses. BALB/c mice 

were immunized intramuscularly twice with 107 pfu/dose of MVA/SHIV or MVA-B13R/SHIV. (A) 

Schematic of the prime/boost immunization schedule and sampling time points. (B) Representative 

ELISPOT of Env-specific IgG antibody secreting cells (ASCs) at week 5 from MVA/SHIV or MVA-

B13R/SHIV immunized mice. Env-specific IgG ASCs measured from splenocytes at week 5. (C) Env-

specific serum IgG titers were measured at weeks 5, 6, and 8. (D) Ratio of Env-specific serum IgG titers 

from week 8 to week 5. (E) Env-specific memory B cells (MBCs) measured from splenocytes at week 8. 

(F) MVA-specific serum IgG titers measured at weeks 5 and 6. (G) Ratio of Env-specific to MVA-

specific serum IgG titers at weeks 5 and 6. (H) Frequency of HIV Env-specific and SIV Gag-specific 

IFN , IL-2, and TNF producing CD4+ T cells from splenocytes at week 5. Bars are mean  SEM. Data 

are representative of two or more independent experiments. Exact p values reported; *, p < 0.05; ns, not 

significant.  
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Figure 5. MVA-B13R/SHIV induces less robust type I and II interferon responses than MVA/SHIV. 

BALB/c mice were immunized intramuscularly with 107 pfu of MVA/SHIV or MVA-B13R/SHIV and 

draining inguinal lymph node cells were isolated at days 1, 2, and 6 after immunization (n = 5/group/time 

point) for RNA-Seq analysis. Lymph nodes from naïve mice (n = 5) isolated as controls. One sample 

(MVA/SHIV mouse, day 1) was not included in analysis as it mapped poorly to the reference sequence. 

(A) DEG analysis for mice at days 1, 2, or 6 after immunization compared to naïve mice. DEG criteria: 

log2 fold change of > 1.0 or < -1.0 and adjusted p-value of < 0.05. Enriched gene ontology (GO) 

processes associated with DEGs from MVA/SHIV versus naïve mice at (B) day 1, (C) day 2, and (D) day 

6 were curated and visualized as a network. Colors are related to GO process p-values, node sizes are 

related to number of related processes, and edge widths are related to degree of similarity. (E) Heatmap 

depicting select DEGs from MVA/SHIV compared to MVA-B13R/SHIV mice at day 1 after 

immunization. DEG criteria: adjusted p-value of < 0.05. (F) Overlaid GSEA comparing MVA/SHIV day 

1 mice to naïve mice (gray) and MVA-B13R/SHIV day 1 mice to naïve mice (red). (G) GSEA comparing 

MVA-B13R/SHIV mice to MVA/SHIV mice at day 1 after vaccination. (H) Heatmap of cumulative 

leading edge genes from GSEAs of (F) and (G). Heatmap colors represent the log2 fold change values 

relative to median value of each gene. NES, normalized enrichment score; FDR, false discovery rate. 

Leading edge genes are shown as black outlined dots.  
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Abstract 

Therapeutic strategies that augment anti-viral immunity and reduce the viral reservoir are critical to 

achieving durable remission of HIV. The co-inhibitory receptor programmed death-1 (PD-1) regulates 

CD8+ T cell dysfunction during chronic HIV and SIV infections. We previously demonstrated that in 

vivo blockade of PD-1 during chronic SIV infection improves the function of anti-viral CD8+ T cells and 

B cells. Here, we tested the immunological and virological effects of PD-1 blockade combined with anti-

retroviral therapy (ART) in rhesus macaques. Administration of anti-PD-1 antibody 10 days prior to ART 

initiation rapidly enhanced anti-viral CD8+ T cell function and diminished interferon stimulated genes. 

This resulted in faster viral suppression in plasma and better Th17 cell reconstitution in the rectal mucosa 

following ART initiation. PD-1 blockade during ART resulted in lower levels of cell associated 

replication-competent virus. Following ART interruption, PD-1 antibody treated animals showed 

markedly higher expansion of proliferating CXCR5+ Perforin+ Granzyme B+ effector CD8+ T cells and 

lower regulatory T cells that resulted in better control of viremia. Our results show PD-1 blockade can be 

administered safely with ART to augment anti-viral CD8+ T cell function and reduce the viral reservoir 

leading to improved control of viral rebound after ART interruption. 
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Introduction 

Chronic viral infections such as lymphocytic choriomeningitis virus (LCMV), simian immunodeficiency 

(SIV), and human immunodeficiency virus (HIV) present with a characteristic footprint of immune 

exhaustion largely due to the presence of persistent antigen and unresolved immune activation. An 

important signature of immune dysfunction is increased and sustained expression of the co-inhibitory 

receptor programmed cell death-1 (PD-1) on T cells, B cells, and activated monocytes (308, 311, 313, 

522, 523). In chronic LCMV infection, antigen-specific CD8+ T cells maintain high levels of PD-1 

expression that is associated with impaired polyfunctionality and proliferation. In vivo blockade of the 

interaction between PD-1 and its cognate ligands, either PD-L1 (B7-H1) or PD-L2 (B7-DC), markedly 

enhanced T cell responses and viral control (293). In chronically SIV infected rhesus macaques (RMs), 

we and others demonstrated that in vivo blockade of PD-1 augmented the function of anti-viral CD8+ T 

cells and B cells leading to reduced plasma viremia and prolonged survival (308, 328).  In HIV+ 

individuals, PD-1 expression correlated with impaired HIV-specific CD4+ and CD8+ T cell function, 

served as a predictor of disease progression, and in vitro blockade of PD-1/PD-L1 interactions enhanced 

T cell function (311, 313). Additionally, in vitro PD-1 blockade of cells from HIV+ individuals restored 

anti-viral CD4+ T cell helper capabilities that enhanced HIV-specific NK cell functionality (524). Thus, 

augmenting cellular immunity by targeting the PD-1 pathway is of significant interest to HIV cure 

research as anti-viral CD8+ T cells are critical to control of HIV replication early after primary infection 

(105, 106, 132, 133, 525, 526) and under suppressive anti-retroviral therapy (ART) (134).  In addition, 

there is considerable value in assessing the therapeutic effects of targeting the PD-1 axis during chronic 

HIV infection as clinical outcomes in cancer patients have been significant with highly durable anti-tumor 

responses being observed (527-530). However, anti-PD-1 therapy in HIV+ individuals remain in the early 

stages and is currently being tested only in patients presenting with HIV and cancer co-morbidities (531, 

532) largely due to the lack of data on safety and therapeutic potential in a relevant animal model. It is 

also important to define the optimal dose and timing of PD-1 blockade with respect to ART in an effort to 

achieve maximal therapeutic benefit. Thus, there is a critical need for testing the safety and efficacy of 
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anti-PD-1 therapy for HIV infected individuals receiving ART using a pertinent pre-clinical animal model 

of SIV infected ART treated macaques.  

 

Chronic HIV/SIV infection also presents with an aberrant increase in PD-1 expression on CD4+ T cells 

and this has been shown to highly correlate with plasma viremia and progressive disease (313, 320, 533). 

Furthermore, several studies have demonstrated that PD-1+ CD4+ T cells are highly infected, contribute 

to ongoing viral replication and production, and harbor a significant fraction of the HIV reservoir in 

patients under ART (164, 171, 260, 319). This latent viral reservoir is the major obstacle to functional 

cure studies that aim to establish durable remission of HIV in the absence of ART as the reservoir serves 

as the immediate source of viral recrudescence post treatment interruption.  ART alone is not sufficient to 

eliminate the reservoir as the half-life is estimated to be about 44 months, indicating that approximately 

70 years of ART is required for complete viral eradication (238). Current strategies in the field aim to 

eliminate the viral reservoir by using latency reversing agents (LRAs) to increase viral transcription in an 

effort to enhance immune surveillance and targeting of the reservoir, or to promote virus induced 

cytopathic effects. These intended immunological outcomes are collectively referred to as the “shock and 

kill” approach (248, 271).  Cure strategies also include the use of LRAs in combination with immune-

based therapeutics such as vaccinations or check-point blockade to augment immune function and 

enhance targeting and clearance of infected cells. It is currently not known what impact the check-point 

inhibitor PD-1 blockade will have on HIV-1 transcription within latently infected CD4+ T cells during 

ART. It is possible that PD-1 blockade may result in increased transcription of NF-B, NFAT, and other 

factors required for T cell activation and consequently reactivation of latent HIV (534-537). If true, PD-1 

blockade will be uniquely positioned to simultaneously serve as a latency reversing and immune 

enhancing agent to significantly improve anti-viral immunity and substantially reduce the viral burden.  

 

In the current study, we aimed to determine the safety and therapeutic potential of in vivo PD-1 blockade 

in combination with ART to enhance anti-viral CD8+ T cell function and immune reconstitution and to 
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destabilize the latent SIV reservoir in chronically SIV-infected RMs. Our findings demonstrate that PD-1 

blockade can be administered safely in combination with ART to augment anti-viral CD8+ T cell 

function, potentially disrupt the viral reservoir, and limit viral recrudescence post treatment interruption. 

These results have important implications for developing novel therapeutic interventions to administer in 

tandem with PD-1 blockade to better enhance anti-viral immunity and viral clearance in an effort to 

achieve durable remission of HIV. 
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Results 

Study design 

RMs enrolled in this study were previously vaccinated with a DNA/MVA SIV vaccine and challenged 

intra-rectally with SIVmac251 but failed to control infection (Supplemental Table 1). The criteria for 

enrollment was based on plasma viral load cut-offs of between 1x104 and 5x105 RNA copies/mL of 

plasma at week 24-post infection (Supplemental Figure 1). Animals were assigned to either the 

therapeutic or control arm after standardizing for the set point plasma viral loads at 24 weeks after 

infection, blood CD4+ T cell frequencies, rectal CD4+ T cell frequencies, and GagCM9+ CD8+ T cell 

frequencies for Mamu-A*01 RMs (Supplemental Figure 2A). Prior to the initiation of the trial, rectal 

central memory CD4+ T cell and SIV-specific CD4+ and CD8+ T cell frequencies were measured as 

baseline parameters and served to stratify treatment groups with comparable baseline immune parameters 

(Supplemental Figure 2B).  

 

To determine the effects of PD-1 blockade in combination with ART and its potential to enhance anti-

viral immunity and reduce viral reservoirs, we performed PD-1 blockade in two phases: I) prior to 

initiation of ART and II) during suppressive ART. The aim for phase I of PD-1 blockade was to restore T 

cell functionality in the presence of viral antigen, which may consequently aid in the elimination of virus 

infected cells.  ART alone does not clear infected cells, but rather limits HIV/SIV replication by 

preventing production of new, infectious virions. However, by combining ART with PD-1 blockade, we 

aimed to simultaneously clear infected cells with functional anti-viral CD8+ T cells as well as potentially 

diminish the re-seeding of the established viral reservoir.  To achieve this, we administered 5 doses of 

anti-PD1 Ab (3 mg/kg/dose) intravenously on days 0, 3, 7, 10, and 14 to 10 SIVmac251-infected RMs 

between 24-30 weeks after infection (Figure 1A). As a control, we treated 10 SIVmac251-infected RMs 

with saline. To allow repeated administrations of PD-1 Ab for longer periods of time, we primatized our 

anti-PD-1 Ab (clone EH12) by grafting humanized EH12 variable domains onto wild type rhesus 
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macaque kappa and IgG4 constant regions. We confirmed the activity of the primatized antibody in vitro 

using T cells obtained from chronically SIV-infected RMs (Supplemental Figure 3A).  

 

For phase II of the study, our goal was to determine if PD-1 blockade could cause reactivation of the 

latent viral reservoir and further expand virus-specific CD8+ T cells while animals were under ART in an 

effort to detect and clear infected cells. In the lymph nodes (LNs), a major site of the persistent viral 

reservoirs and where low-level replication of SIV may be occurring, exhausted CD8+ T cells may be 

unable to clear the infected cells and would benefit from the effects of PD-1 blockade. To determine these 

effects, the 10 RMs given PD-1 Ab during phase I were again treated with PD-1 Ab (double treated) at 

26-30 weeks following ART initiation. Three monthly infusions of PD-1 Ab were administered at 

10mg/kg/dose (Figure 1A). To test the influence of PD-1 blockade administered only during suppressive 

ART, we split the 10 RMs from the saline group into two groups and gave 5 RMs PD-1 Ab (single treated 

group) and saline to the remaining 5 RMs (saline control group) (Figure 1A). 

 

PD-1 blockade administered prior to ART improves T cell function 

At day 3 following initiation of PD-1 blockade during phase I, plasma concentrations of the infused EH12 

antibody reached 10-50 g/mL that persisted until day 14 and declined by day 28 with one animal 

developing a measurable anti-EH12 response (Supplemental Figure 3B-C). We initiated ART in all 

animals at day 10 after the initiation of PD-1 blockade. Following administration of PD-1 Ab, we 

observed a significant induction in the proliferation of circulating CD4+ and CD8+ T cells as measured 

by Ki-67 expression that peaked around day 7 (Figure 1B). Both central memory (CD28+ CD95+, TCM) 

and effector memory (CD28- CD95+, TEM) CD4+ and CD8+ T cells showed induction of Ki-67 

(Supplemental Figure 3D). Additionally, we observed an increase in the frequency of Ki-67 expressing 

CD4+ and CD8+ T cells in the rectal mucosa of PD-1 Ab treated RMs (Supplemental Figure 3E). 

Importantly, at day 10 of PD-1 blockade, we observed a significant increase in the frequency of SIV-

specific IFN- and TNF-α producing CD4+ and CD8+ T cells (Figure 1C, Supplemental Figure. 3F). A 
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subset of animals in each group were Mamu-A*01+, which allowed us to assess the effects of PD-1 

blockade on the function of SIV-specific CD8+ T cells utilizing the GagCM9 tetramer (Tet+ cells). We 

found a significant increase in the proportion of Tet+ cells expressing Ki-67, granzyme B, and CXCR5 

indicating that these cells are actively proliferating with improved cytolytic and lymphoid follicle homing 

potential (Figure 1D, Supplemental Figure 3G). We also found an increase in granzyme B expression on 

CXCR5+ Tet+ cells (p = 0.02, data not shown). The increase in CXCR5 expression is consistent with our 

recent report demonstrating that CXCR5+ CD8+ T cells serve as the predominant CD8+ T cell subset that 

responds to PD-1 blockade during chronic LCMV infection (538). As expected, following initiation of 

ART, the frequency of proliferating total and SIV-specific T cells decreased, and this was associated with 

a decline in the frequency of SIV-specific CD4+ and CD8+ T cells and viral antigen. 

 

PD-1 blockade prior to ART results in global enrichment of effector T cell responses and lowered 

immune activation  

To determine the effects of PD-1 blockade on a global scale, we performed RNASeq to compare gene 

signatures from the blood of 10 PD-1 Ab treated and 5 saline treated animals at day 0 and day 10 of PD-1 

blockade.  Gene set enrichment analysis (GSEA) was performed to identify differentially expressed gene 

sets at day 10 compared to day 0 for each treatment group. We found significant enrichment in numerous 

gene sets related to immune cell phenotypes and cell signaling pathways that were not enriched in the 

saline treated group (Figure 1E, Supplemental Table 2-4). Gene signatures of note that were positively 

enriched in the PD-1 Ab treatment group were signatures associated with effector CD8+ T cell 

differentiation and E2F transcription factor targets related to cell cycling, indicating an impact of PD-1 

blockade on effector CD8+ T cell function and proliferation (Figure 1E-F, Supplemental Figure 4A, B).  

 

PD-1 blockade during chronic infection also led to a downregulation of multiple gene sets associated with 

interferon stimulated genes (ISGs) and TNF- signaling (Figure 1E-F, Supplemental Figure 4A, B). The 

downregulation of ISGs is notable since it has been shown to be associated with slower disease 
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progression and lower viral reservoirs during chronic HIV/SIV infections (520, 539-542). Moreover, 

these findings suggest that PD-1 blockade-induced dampening of ISGs may contribute to lower immune 

activation and better immune reconstitution after the initiation of ART. Reduction in overall immune 

activation is also indicated by negative enrichment of the TNF- signaling via NF-k gene set in the PD-

1 Ab treated RMs compared to saline treated (Figure 1E, Supplemental Figure 4A).  Taken together, these 

gene sets indicate the unique potential of PD-1 blockade to simultaneously enhance effector CD8+ T cell 

responses while dampening systemic immune activation observed during chronic pathogenic SIV 

infection (543).   

 

We also sought to compare differences in gene expression of specific T cell related genes (Supplemental 

Figure 4C) and observed an upregulation of transcripts associated with T follicular helper cells (Tfh) such 

as RGS10, CD200, FGF2, ICOS, TNFRSF4, and IL21, T helper 2 cells (Th2) such as IL4, and regulatory 

T cells (Tregs) such as CTLA4. Collectively, these results demonstrate that PD-1 blockade during chronic 

SIV infection resulted in a significant enhancement of genes associated with proliferation and effector 

CD8+ T cell response and dampening of a type I IFN response. 

 

PD-1 blockade prior to ART improves viral suppression and immune reconstitution in the gut 

following ART initiation 

Impressively, following initiation of ART, we observed an increase in the kinetics of viral suppression in 

the PD-1 Ab treated RMs compared to saline treated RMs. All animals in the PD-1 Ab group suppressed 

virus (<100 copies/mL) by 42 days whereas saline treated animals required up to 168 days to achieve the 

same level of suppression (Figure 2A-C). Remarkably, 60% of RMs in the PD-1 blockade group 

suppressed viremia by 10 days following ART initiation whereas only 20% of animals in the saline group 

showed viral suppression at this time. Similar to these results, we observed enhanced viral suppression 

following PD-1 Ab administration and ART in another study, in which we treated SIVmac251-infected 

RMs with our humanized version of the PD-1 Ab (Figure 2D).  The same time course for PD-1 blockade 
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and ART regimen was utilized in this study; however, ART was initiated approximately a year after SIV 

infection. In this study, ART was only partially effective as 3 of the 4 RMs in the ART-only group failed 

to control viremia (Figure 2D). Impressively however, all 4 animals in the PD-1 Ab group showed 

profound viral suppression suggesting that PD-1 blockade synergized with ART even in long-term 

chronically SIV-infected RMs where ART suppression can be challenging. In both the pilot and present 

trial, we utilized a suboptimal ART regimen when compared to current treatment modalities that include 

an integrase inhibitor (134, 281, 544). It is however impressive that PD-1 blockade resulted in more rapid 

viral suppression when ART was initiated either at 26-30 weeks (current trial) or one year post infection 

(pilot trial). These data demonstrate that PD-1 blockade is effective in augmenting viral suppression when 

combined with ART.  

 

In addition to improved viral suppression, PD-1 blockade also resulted in early reconstitution of TCM 

CD4+ T cells (Figure 2E) and better reconstitution of Th17 cells (Figure 2F) in the rectum, both of which 

have been shown to be critical for the long-term survival of SIV-infected RMs by helping to maintain the 

GI tract epithelial barrier function and decrease microbial translocation and hyperimmune activation (150, 

545-547). Consistent with this, at 36 weeks of ART, PD-1 blockade animals had lower frequencies of 

myeloperoxidase-expressing neutrophils in the lamina propria than the saline group, indicating PD-1 

blockade aided in the restoration of the GI tract epithelial barrier and reduced microbial translocation in 

the rectal mucosa in the treated animals (Figure 2G). Taken together, these data demonstrate that 

administration of PD-1 blockade for a short duration just prior to ART initiation improves the functional 

quality of SIV-specific T cell responses, enhances potency of ART, and better restores mucosal Th17 

cells. 
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PD-1 blockade during ART results in T cell proliferation and higher granzyme B+ CXCR5+ T cells 

in LN 

During phase II, we saw the concentrations of infused EH12 antibody in the serum peak at about 

100 g/mL at day 7 after each infusion with 3 double treated animals and 1 single treated animal showing 

an anti-EH12 response (Supplemental Figure 5A-B). Additionally, we performed complete blood count 

analysis as well as measured biochemical markers in the blood at day 0, week4, and week 8 of phase II.  

We observed subtle yet significant changes in some biochemical parameters at week 4 and week 8 in the 

treated animals though the values largely remained within the normal ranges expected for RMs 

(Supplemental Figure 6-7).   

 

Following the first PD-1 Ab infusion under suppressive ART, we observed a significant increase in 

proliferation of CD4+ T cells in the double and single PD-1 treated groups (Figure 3A) and this 

proliferation was observed for both TEM and TCM CD4+ T cells (Supplemental Figure 5C).  CD8+ T cells 

and Tet+ cells also showed increased proliferation (Figure 3A). However, the proliferation was transient 

and sporadic following the second and third infusions (Supplemental Figure 5D). Intracellular cytokine 

analysis revealed an increase in SIV-specific CD8+ T cell responses in some animals after the first 

infusion (Supplemental Figure 5E). The T cell proliferation observed during phase II was much lower 

compared to proliferation observed during phase I. However, we think this is significant considering the 

low burden of SIV antigens during ART suppression. These results demonstrate that PD-1 blockade 

during suppressive ART can transiently induce proliferation of CD4+ T cells and total and anti-viral 

CD8+ T cells. 

 

To understand the influence of PD-1 blockade in the lymphoid tissue, we took LN biopsies 2 weeks after 

the final PD-1 Ab infusion and determined the granzyme B and CXCR5 expression on total CD8+ T cells 

and Tet+ CD8+ T cells. We observed a higher magnitude of granzyme B+ CD8+ T cells and CXCR5+ 

Tet+ CD8+ T cells in PD-1 treated RMs compared to saline controls suggesting these virus-specific and 
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cytolytic cells may be localizing to sites known to harbor the viral reservoir (Figure 3B). We also 

observed an increased frequency of total CXCR5+ CD4+ T cells within the LN suggesting better 

preservation of follicular CD4+ T cells in the PD-1 treated animals (Figure 3B). These changes were not 

observed in the peripheral blood compartment highlighting the tissue specific effects of PD-1 blockade 

during ART (Supplemental Figure 5F).  

 

PD-1 blockade during ART reduces the inducible viral reservoir and stimulates anti-viral cellular 

response pathways in blood 

To assess if PD-1 blockade impacted viral reservoirs, we isolated CD4+ T cells from the peripheral blood 

of RMs two weeks following the last PD-1 Ab infusion and co-cultured them with CCR5+ CEM cells to 

detect viral outgrowth as to indicate the presence of inducible replication-competent virus similar to what 

has been previously described (548, 549). We found that PD-1 treated animals had measurably lower 

replication-competent virus assayed by viral RNA in the culture supernatant and p27 staining (Figure 3C-

E). Most PD-1 treated animals did not have measurable viral RNA within 500,000 purified CD4+ T cells, 

therefore we did not perform further dilutions.  

 

To determine if PD-1 blockade was capable of reactivating latent viral reservoirs, we measured plasma 

viral RNA weekly after each infusion and observed transient increases (blips) in the double and single 

treated groups (Supplemental Figure 5G-H). Though not significant due to limited power in the study and 

inability for daily sampling, the frequency of transient increases in plasma viremia observed in the PD-1 

treated groups was higher compared to the saline alone, indicating a potential disruption of the viral 

reservoir. Taken together, these data demonstrate that PD-1 blockade administered under suppressive 

ART could potentially destabilize the inducible replication-competent viral reservoir and result in a lower 

viral burden within peripheral blood CD4+ T cells. 
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To further understand the global transcriptome changes that occur following PD-1 blockade during ART, 

we again compared gene signatures in the blood of PD-1 Ab treated RMs from day 0 of first PD-1 Ab 

infusion under ART and 7 days post administration. Due to the limited sample availability for RNASeq 

during phase II, we combined the double and single treated animals into a single group to determine 

changes that occurred in response to PD-1 blockade treatment during ART (Figure 4A, Supplemental 

Table 5-7). Gene sets for effector CD8+ T cells and cell cycling were again positively enriched after PD-1 

blockade (Figure 4A-B, Supplemental Figure 8). Interestingly, ISGs were upregulated during this second 

phase of the PD-1 trial, which is in contrast to being downregulated during phase I (Figure 4A-B, 

Supplemental Figure 8). In addition, gene sets associated with IL-2/STAT5 signaling, which has been 

implicated in viral reactivation (550) as well as oxidative phosphorylation also showed significant 

increases following PD-1 blockade (Figure 4A). Collectively, the transcriptome changes pointed to an 

active state of cell proliferation and transcription, which could promote reactivation of latent SIV in viral 

reservoirs resulting in potential increases in plasma viremia observed during phase II (Supplemental 

Figure 5G-H). 

 

To determine if there was a core set of genes that responded to PD-1 blockade during both phase I and II, 

we curated a list of positively enriched gene sets that were significant during both phases and performed a 

leading edge analysis (Supplemental Table 8).  Our criterion for a signature gene was presence in at least 

7 gene sets (Figure 4C). Many of the genes were related to cell cycling and proliferation, which is in line 

with the proliferative burst observed in T cells during both phases (Figure 1B, 3A). These genes are 

considered the main drivers of the gene set enrichment observed for PD-1 blockade both in the absence 

and presence of ART.  

 

PD-1 blockade enhances viral control in double treated RMs post ART interruption 

To better understand the therapeutic benefit of PD-1 blockade, we interrupted ART in all animals two 

weeks after the 3rd PD-1 Ab infusion. We assessed the kinetics of viral rebound and various immune 
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parameters until 24 weeks post treatment interruption. The virus rebounded in all animals by 3 weeks; 

however, consistent with lower viral reservoirs assessed by our viral outgrowth assay, we observed a 

significant one-week delay in viral rebound in the PD-1 Ab treated compared to the saline treated group 

(Figure 5A-B). Virus rebounded in 4 of the 5 (80%) saline treated controls by one week, but only 3 of the 

15 (20%) PD-1 treated animals showed viral rebound at this time. Additionally, we monitored the time 

until animals reached a set point viral load similar to pre-ART levels (within 5-fold).  PD-1 Ab treated 

animals demonstrated a delay in approaching their pre-ART viral loads compared to saline control 

animals, with some PD-1 treated animals never attaining that pre-ART levels (Figure 5C-D). All saline 

controls reached their pre-ART viral loads by 8 weeks post ART interruption, showing no evidence of 

improved viral control. At 8 weeks following ART interruption, 5 of the 10 double treated animals and 4 

of the 5 single treated animals showed 6-80 fold reduction of viral set points compared to pre-ART levels 

(Figure 5C). At 24 weeks, 5 out of 10 double treated animals sustained control, but only 1 of the 5 single 

treated animals did. We believe this level of viral control in PD-1 treated animals is substantial since we 

initiated ART 6 months after infection by which time it is expected the virus would have accumulated a 

significant number of escape mutations due to immune pressure. 

 

PD-1 treated animals show enhanced poly-functional CXCR5+ CD8+ T cells and lower Tregs after 

ART interruption 

Analysis of CD8+ and CD4+ T cell responses in the blood early after ART interruption showed a 

profound increase in the frequency of proliferating total CD8+ T cells for PD-1 Ab treated versus saline 

groups (Figure 6A, Supplemental Figure 9A). Proliferating CXCR5+ CD8+ T cells, perforin+ CD8+ T 

cells (Figure 6A, Supplemental Figure 9A), and polyfunctional (IFN+ TNF+) SIV-specific CD8+ T 

cells (Figure 6B, Supplemental Figure 9B) were found to be significantly increased in the double PD-1 

Ab treated compared to saline treated RMs. The double PD-1 Ab treated RMs also demonstrated a higher 

level of proliferating CXCR5+ CD4+ T cells (Supplemental Figure 9C) and higher TCM CD4+ T cells in 

the peripheral blood (Figure 6C, Supplemental Figure 9D). Remarkably, we also observed a decrease in 
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the frequency of Tregs in the double treated group compared to saline controls (Figure 6D). This resulted 

in 10 times higher levels of perforin+ CD8+ T cells compared to Tregs in the double treated group 

compared to 5 times higher levels in saline controls (Figure 6E). Taken together these data indicate 

enhanced immune function in the double treated animals post ART interruption. A Boolean analysis 

performed on samples acquired at 3 weeks post treatment interruption revealed that the double treated 

RMs generated higher frequencies of CXCR5+ TEM CD8+ T cells indicating enhanced cytolytic and 

lymphoid follicle homing potential of anti-viral CD8+ T cells to eliminate virally infected cells within 

secondary lymphoid organs (Figure 6F, Supplemental Figure 9E). Interestingly, the majority of these 

immunological benefits were not significantly better in single treated animals compared to controls except 

for the increase in perforin+ CD8+ T cells (Figure 6A, Supplemental Figure 9A) and the ratio of 

perforin+ CD8+ T cells to Tregs (Figure 6E). This could also be because of smaller number of animals in 

this group.  

 

Interestingly, the frequencies of LN granzyme B+ CD8+ T cells on the day of ART interruption 

correlated with the frequencies of perforin+ CD8+ T cells observed at 4 weeks after ART interruption 

(Figure 6G).  LN granzyme B frequencies also trended toward a significant correlation with the viral load 

fold change at week 8 of ART interruption (Figure 6H). The data indicate that the anti-viral capacity of 

CD8+ T cells as detected in the LN could play an important role in viral control after interruption of 

ART. These associations underscore the importance of understanding the cellular dynamics in the 

lymphoid tissues during blockade and how it will influence post interruption responses. Taken together, 

these data demonstrate that PD-1 blockade combined with ART provides therapeutic benefit following 

ART interruption that includes a profound expansion of CD8+ T cells with increased cytolytic and 

lymphoid follicle homing potential.  
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Discussion  

It is the goal of HIV cure research to develop therapies that can both improve the anti-viral immune 

response and simultaneously eliminate the viral reservoir. It is well understood that PD-1 regulates CD8+ 

T cell dysfunction during chronic HIV and SIV infection and our group has previously shown that 

blockade of the PD-1 pathway in ART-naïve, chronically SIV-infected RMs is effective at improving the 

anti-viral function of CD8+ T cells. Additionally, CD4+ T cells that express PD-1 represent a significant 

fraction of the HIV and SIV reservoir.  Therefore, in this current study, we aimed to test the safety and 

immune potential of PD-1 blockade in conjunction with ART to improve CD8+ T cell function and 

reduce the viral reservoir that may lead to better control of SIV infection in the absence of ART. Our 

results show that PD-1 blockade can be safely and effectively combined with ART to enhance the 

function of anti-viral immunity, improve Th17 cell reconstitution in the rectal mucosa, potentially subside 

mucosal associated inflammation, and reduce the inducible peripheral blood viral reservoir. The results 

also demonstrate that the enhanced immune function mediated by PD-1 blockade can lead to higher and 

faster expansion of polyfunctional CXCR5+ CD8+ T cells after ART interruption and contribute to better 

control of reemerging viremia. These results reveal important immunological and virological benefits as 

well as global transcriptome changes following PD-1 blockade and suppressive ART during chronic SIV 

infection that are important for the design of PD-1 blockade studies in HIV-infected ART treated patients.  

 

The mechanism by which ART suppresses viremia is by preventing the production of new virions and 

subsequent infection of new target cells. ART however does not eliminate infected cells. Therefore, the 

faster reduction in plasma viremia observed during phase I in the PD-1 treated animals could be a result 

of anti-viral CD8+ T cells that emerged following PD-1 blockade with an enhanced ability to detect and 

clear productively infected cells. This is consistent with other studies demonstrating that CD8+ T cells 

play a pivotal role in controlling viremia even under conditions of suppressive ART therapy (134). PD-1 

blockade could also have resulted in activation induced cytopathic effects of infected CD4+ T cells, 
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decreasing the overall half-life of an infected CD4+ T cell and resulting in a more rapid decrease in 

plasma viremia. 

 

Impressively, PD-1 blockade prior to ART initiation resulted in a profound downregulation of ISGs 

within 10 days while improving T cell function. The downregulation of ISGs is unlikely due to a decrease 

in viremia since only a small fraction of animals showed a measurable decrease in viremia during this 

first 10 days following PD-1 blockade. HIV infection has been shown to induce ISGs in monocytes (551-

553) and it is possible that PD-1 blockade on monocytes prevented ISG induction leading to our observed 

downregulation of ISGs (Figure 1E-F).  This would suggest that cytolytic anti-viral T cells that were 

increased during the same period are the main mediators of the rapid suppression of plasma viremia 

observed. The decrease in ISGs after PD-1 blockade remains notable as lower levels of ISGs is associated 

with slower disease progression and reduced viral reservoirs during chronic HIV infection (520, 539-

541).   

 

PD-1 blockade administered during suppressive ART had a less pronounced impact on T cell proliferation 

and function when compared to blockade given prior to the initiation of ART.  In comparison to phase I, 

we observed a blunted increase in T cell proliferation for phase II, however the baseline levels of Ki-67+ 

T cells at day 0 of phase II were already lower than day 0 of phase I.  Regardless of this, we still observed 

a 2-3 fold induction of proliferation after the first PD-1 Ab infusion during phase II.  The very low levels 

of systemic viral antigen present during this phase of treatment, as well as a potential reduction in overall 

PD-1 expression due to lower level of persistent antigen and continuous ART (320), likely contributed to 

less significant levels of cell cycling and response to PD-1 blockade.  It is possible that at sites enriched in 

SIV such as the GALT and secondary lymphoid tissues, immune responses could have emerged after 

blockade that were not captured in the periphery. This is supported in part by the increased frequencies of 

granzyme B+ CD8+ and CXCR5+ Tet+ CD8+ T cells in the LN suggesting better homing potential of 

effector cells to the lymphoid tissues (site of viral reservoir) that was not observed systemically. 
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Our data suggests that PD-1 blockade administered during ART led to a potential destabilization of the 

viral reservoir.  Transcriptional analysis during phase II indicated an upregulation of genes involved in 

effector CD8+ T cell activation, as expected, as well as cell cycling and type I interferon response genes.  

It is possible that the increase in cell cycling genes was due to PD-1 blockade inducing reactivation of 

PD-1+ CD4+ T cells harboring latent virus, thus leading to viral replication, and the observed transient 

increases in plasma viremia. This is consistent with a recent study demonstrating the PD-1 contributes to 

the establishment and maintenance of latently infected cells and blocking this pathway in HIV infected 

individuals resulted in increased cell associated HIV RNA in CD4+ T cells (554). Subsequently, type I 

interferons genes were upregulated during phase II suggesting that type I IFN could be acting directly on 

latently infected CD4 T cells, re-activating virus, resulting in the observed plasma ‘blips’ or PD-1+ CD4 

T cells in response to PD-1 blockade have an altered intracellular environment skewing away from 

latency and towards active viral transcription. Although we observed ‘blips’ in the saline treated animals, 

these changes were small and occurred once in 2 of the 4 animals. Furthermore, due to the scheduling of 

sampling, destabilization of the reservoir and significant increases in plasma viremia may have occurred 

at earlier time-points post infusion of PD-1 Ab and were therefore not captured by weekly sampling. 

Taken together, these data suggest that PD-1 blockade contributed to an overall improvement in the anti-

viral immune and a potential destabilization of the latent reservoir. Due to the fact that proliferation of T 

cells was more profound in phase I compared to phase II and that both treatment groups exhibited viral 

outgrowth during phase II, it is possible that majority of immune related effects of PD-1 blockade on the 

function of anti-viral CD8 T cells occurred during phase I and PD-1 blockade under suppressive ART 

largely effected PD-1+ CD4+ T cells.  

 

Disruption of the PD-1 pathway can be achieved through blockade of the PD-1 receptor or its ligands PD-

L1 or PD-L2. Anti-PD-L1 therapy is currently in clinical use for reversing immune exhaustion in patients 

with cancer and has led to similar responses and toxicity profiles as those observed with anti-PD-1 

blockade (555). In chronic infection, PD-L1 is highly expressed on antigen presenting cells while PD-1 
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expression is increased and sustained on dysfunctional T cells. Anti-PD-1 directly inhibits the interaction 

of PD-1 on T cells with its cognate ligand while anti-PD-L1 inhibits this interaction indirectly, without 

impacting PD-L2 engagement of PD-1. This would not allow for complete interruption of the PD-1 axis. 

Furthermore, the clone of antibody used for blockade could likely influence blockade efficacy. As the use 

of immune checkpoint inhibitors is investigated, it will be important to discern whether PD-1 or PD-L1 

blockade results in differential outcomes and toxicities and to identify optimal clones for therapeutic use.  

 

It is important to note that all RMs in the study had been chronically infected with SIVmac251 for 24-30 

weeks, well into the chronic and progressive stage of infection before any intervention was administered. 

This length of chronic infection likely led to significant accumulations of viral mutations and viral escape 

in the animals.  The chronicity and diversity of quasi-species in these animals would have made it 

difficult for any immune-based intervention to successfully eradicate the viral reservoir.  That we were 

able to see improved anti-viral CD8+ and CD4+ T cell responses, durable control of viremia under 

suboptimal ART, a delay in viral rebound, and differences in the set-point viral loads post ART 

interruption is encouraging as individuals infected with HIV are now typically able to begin ART therapy 

during the acute or early chronic stages, before extensive chronic hyperimmune activation, exhaustion, 

and viral escape have occurred.   

 

The range of immunological and therapeutic outcomes seen after PD-1 blockade treatment in our RMs is 

not surprising as resistance to immune checkpoint inhibitor strategies in cancer patients has been well-

documented (556). Recently, Routy et al. described the influence of gut dysbiosis on PD-1 blockade 

efficacy (557). In particular, the authors show that use of antibiotics compromised PD-1 blockade efficacy 

in tumor models and cancer patients and the presence of certain commensal bacterial species improved 

responsiveness to blockade. In our previous study where PD-1 blockade was administered to chronically 

infected RMs in the absence of ART, we observed enhanced immune responses against gut-resident 

pathogenic bacteria (328). It is possible that anti-PD-1 enhanced responses against the microbiota in our 
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current study and perturbed microbial composition in a way that could influence subsequent immune 

responses. Future analysis on the influence of the microbiota on PD-1 blockade efficacy in SIV infection 

would be informative to understand how the microbiota shapes immune dynamics during immune check-

point blockade.  

 

The results of this study provide preliminary evidence that PD-1 blockade can significantly augment anti-

viral immune responses, synergize with ART increasing the kinetics of viral suppression, and potentially 

destabilize latent viral reservoirs. Although PD-1 blockade’s effects suggest that this treatment may not 

stand alone as a monotherapy, the development and administration of therapeutic strategies in 

combination with PD-1 blockade could potentially lead to a significant decrease in the overall viral 

burden and potential remission of HIV. Combination immunotherapies that target additional check-point 

inhibitory receptors (CTLA-4, Tim-3, and Lag3) (261, 544) known to contribute to HIV persistence, in 

tandem with PD-1 blockade and ART would also have the potential to more significantly reverse 

dysfunction of exhausted cells and impact the stability of the viral reservoir. In vitro blockade of PD-1 

and IL-10 signaling was shown to restore CD4+ T cell and NK cell functionality thus combination PD-1 

and IL-10 blockade to improve immune cell reinvigoration during chronic infection would be of interest 

(524). Additionally, a recent study utilized a broad caspase inhibitor during acute infection and 

demonstrated better memory CD4+ T cell preservation and viral control (558). It would be interesting to 

investigate PD-1 therapy with the caspase inhibitor to assess whether synergy can be achieved. 

Additionally, co-administration of check-point inhibitors with TLR adjuvants, recently shown to impact 

post ART interruption viral control (281), or co-stimulatory molecules could further enhance virus-

specific immune responses aiding in viral clearance and immune control of HIV.  

 

In conclusion, this study establishes the groundwork for pre-clinical studies to assess the efficacy of PD-1 

blockade in ART suppressed HIV infected individuals. PD-1 blockade therapy is currently limited to end-

stage cancer patients’ due to the risk versus benefits of co-inhibitory blockade in HIV infected patients 
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tolerating long-term ART. Non-human primate studies such as these helps establish the immunological 

and virological benefits of PD-1 blockade prior to human clinical trials.  Our study demonstrates that PD-

1 blockade and ART combination therapy can effectively reshape immune dynamics during chronic SIV 

infection establishing a path forward in identifying optimal therapeutic strategies for HIV cure research.   
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Material and Methods 

Study group. Twenty-two Indian rhesus macaques (Macaca mulatta) chronically infected with 

SIVmac251 for 24-30 weeks with stable set point viremia were used for the study. These macaques were 

previously vaccinated with a DNA/MVA SIV vaccine and challenged intra-rectally with SIVmac251 at a 

dose of 647 TCID50 (1.25 x 107 copies of viral RNA) but failed to control infection (Supplemental Table 

1). Two animals of the single treated group died due to thrombocytopenia and AIDS related 

complications, thus only 5 single PD-1 Ab animals were carried through to study completion. Data for the 

2 macaques that died during the study were not presented. One saline control RM was interrupted from 

therapy prior to the initiation of Phase II due to significant weight loss during suppressive ART and thus 

data was not collected for that time period. RMs with plasma viral loads between 1x104 and 5x105 RNA 

copies/mL in plasma at week 24-post infection were enrolled in the study. ART was initiated with the 

following combination of drugs: AZT (5mg/kg, twice daily), PMPA (20mg/kg, daily), and FTC 

(30mg/kg, daily) were administered subcutaneously, and Kaletra (12+3mg/kg, twice daily) was 

administered orally.  

 

In vivo antibody treatment. Macaques were infused with 25 mL of primatized anti-PD-1 antibody 

(clone EH12-2132/2133) in saline or 25 mL of saline alone. The anti-PD-1 monoclonal antibody (mAb) is 

derived from the mouse anti-human EH12 mAb (559) and has a humanized variable heavy chain domain 

linked to rhesus macaque IgG4 and a humanized variable light chain domain linked to rhesus macaque 

Kappa (rhesus macaque constant regions were a kind gift from Rijan Wang and Keith Reimann, Univ 

Massachusetts Medical School). The EH12 mAb binds to rhesus macaque PD-1 and blocks interaction 

between PD-1 and its ligands in vitro (522).  Antibody was produced in CHO cells using DHFR 

amplification (560), purified from culture supernatants by Protein G affinity chromatography, and verified 

to have an endotoxin level less than 2 EU/mg. Anti-PD-1 antibody was administered intravenously at 3 

mg/kg of body weight on days 0, 3, 7, 10, and 14 during Phase I and at 10 mg/kg monthly for three 

months during Phase II.  
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Isolation of mononuclear cells. Mononuclear cells were isolated from the blood, LN, and rectal tissue of 

RMs, and flow cytometry analysis was performed as previously described (308, 522, 561).   

 

Antibodies. The following antibodies were used: CXCR5 (MU5UBEE; eBioscience), CD3 (SP-34-2; BD 

Biosciences), Gag-CM9 Tetramer (courtesy of the laboratory of Rafi Ahmed), CD28 (CD28.2; 

eBioscience), CD95 (DX2; BD Biosciences), CD279 (PD-1; EH12.2H7; BioLegend), CD8 (SK1; BD 

Bioscience), Live Dead-near IR stain (Invitrogen), Ki-67 (B56; BD Biosciences), CD4 (L200; BD 

Biosciences), CD25 (BC96; BioLegend), Granzyme B (GB11; BD Biosciences), IFN- (B27; BD 

Biosciences), TNF-α (MAb11; BD Biosciences), Perforin (Pf-80/164; BD Biosciences), IL-17A (ebio64-

Dec17; eBioscience), and FoxP3 (206D; BioLegend).  

 

Phenotyping. Mononuclear cells isolated from the blood and rectum as previously described(308, 522). 

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

samples were acquired on an LSR-Fortessa. Cells stained for regulatory T cell phenotyping were stained 

for surface markers as described above and then fixed and permeabilized with eBioscience 

FoxP3/Transcription Factor Staining Buffer Set according to manufacturer’s protocols.   

 

Intracellular cytokine stimulation and staining. Mononuclear cells isolated from the blood and rectal 

samples were stimulated and stained as previously described (308, 522). Cells were stimulated with PMA 

(80ng/mL) and ionomycin (1ug/mL) for 4 hours and then surface stained with Live/Dead near IR, anti-

CD8 and anti-CD4 at room temperature for 20 min. Cells were acquired on an LSR-Fortessa and analyzed 

using the FlowJo software (Treestar Inc. CA).  
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Viral Quantification 

The SIV copy number in the plasma was determined by using a quantitative real-time PCR as previously 

described (562). All samples were extracted and amplified in duplicate and the mean of the two values 

were then reported.  

 

RNA-Seq 

RNA-Seq analyses were conducted at the Yerkes NHP Genomics Core on PD-1 Ab (n = 10) and saline 

treated (n = 5) RMs during Phase I and total PD-1 Ab treated RMs (n = 9) during Phase II.  RNA was 

collected and extracted from PAXgene tubes using on- column DNase digestion as described previously 

(520) and assessed for integrity and quantity using an Agilent Bioanalyzer (Agilent Technologies, Santa 

Clara, CA) and a NanoDrop 2000 spectrophotometer (Thermo Scientific Inc., Wilmington, DE). 

Hemoglobin transcript depletion was performed using Ambion human GLOBINclear kits 

(Ambion/Thermofisher, Waltham, MA) using 1 ug of RNA as input, according to manufacturer’s 

instructions. Libraries were prepared using the Illumina (Illumina Inc. San Diego, CA, USA) TruSeq™ 

mRNA stranded kit as per manufacturer’s instructions. Briefly, 500-1000 ng of Globin depleted RNA was 

used for library preparation. ERCC synthetic spike-in controls 1 or 2 (Ambion) were added to each Total 

RNA sample and processed in parallel. Amplified libraries were validated using the Agilent 4200 

TapeStation and quantified using a Qubit flourometer. Libraries were normalized, pooled followed by 

clustering on a HiSeq3000/4000 flowcell using the Illumina cBot. The clustered flowcell was then 

sequenced on the Illumina HiSeq3000 system employing a single-end 101 cycles run, with multiplexing 

to achieve approximately 20 M reads per sample. 

 

RNA-Seq Statistical Analyses  

RNA-Seq data were aligned to the MacaM v7.8 assembly of the Indian rhesus macaque genome 

(available at https://www.unmc.edu/rhesusgenechip/index.htm) Alignment was performed using STAR 

v2.4.0g1 using the annotation as a splice junction reference. Transcripts were annotated using the MacaM 
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v7.8.2 annotation. Transcript abundance was estimated using htseq-count v0.6.1p1 and differential 

expression analyses were performed using DESeq2. Gene set enrichment analysis (GSEA) was performed 

using the desktop module available from the Broad Institute (https://www.broadinstitute.org/gsea/). 

 

Viral Outgrowth Assays 

Replication-competent SIV was cultivated from CD4+ T cells isolated from the peripheral blood of RMs 

at 14 days after last PD-1 Ab infusion. 5 x 105 isolated CD4+ T cells were pre-activated with anti-

CD3/CD28 beads (Miltenyi, Non-human primate T cell expansion kit) for 24 hours and subsequently co-

cultured with CEM.NKR CCR5+ Luciferase+ CD4+ cells (CEM cells were a kind gift from David Evans, 

Univ of Wisconsin) in 24-well plates at a 1:1 ratio. Cells were co-cultured for 25 days and supernatants 

were harvested at day 9, 17, and 25. SIV RNA in the supernatant was determined using qRT-PCR as 

previously described(562). 

 

Immunohistochemistry (IHC) and quantitative analysis of Lamina Propria (LP) from the rectal 

mucosa.  

IHC and quantitative analysis for the frequency of myeloperoxidase+ neutrophils in the LP was 

performed as previously described (563).  

 

ELISA for Anti-PD-1 (EH12) Ab Serum Titers  

To measure the levels of infused PD-1 antibody, plates were coated with human PDCD1/PD-1 protein 

(Sino Biological, catalog number: 10377-H-8H-50) in PBS, blocked and incubated with different 

dilutions of plasma to capture the infused anti-PD-1 antibody. Bound antibody was detected using anti-

rhesus IgG conjugated to HRP. Known amounts of anti-PD-1 antibody captured in the same manner were 

used to generate a standard curve.  

 

 

https://www.broadinstitute.org/gsea/
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ELISA for Anti-EH12 Ab Response 

To measure the level of antibody response generated against the infused EH12 antibody, plates were 

coated with the EH12 antibody (2.5 μg/mL) in PBS overnight. 1:50 dilutions of plasma samples were 

incubated followed by mouse anti-rhesus IgG1-Biotin (7H11, NHP Reagent Resource) to detect bound 

antibody.  This detection antibody does not bind to the infused anti-PD-1 antibody due to its rhesus IgG4 

heavy chain constant region. Horseradish peroxidase-streptavidin was added, TMB substrate (KPL) was 

used for development, reaction was stopped with 1N H3PO4, and read at 450nm.  

 

Statistical analysis. Statistical analyses were performed using Prism (version 7.0b; GraphPad). Statistical 

significance was determined using two-tailed paired Student’s t-test for comparisons between matched 

time points for each animal. Two-way repeated measures ANOVA with Dunnett’s multiple comparisons 

test was used to compare longitudinal data to baseline time points or Sidak’s multiple comparisons test 

was used to compare one time point to baseline values. One-way ANOVA with Dunn’s multiple 

comparisons test was used to compare two groups to a control group. Kaplan-Meier curves were 

compared using log-rank Mantel-Cox tests. Two-tailed unpaired Mann-Whitney test or Student’s t-test 

with Welch’s correction were performed for unmatched samples. Statistical analyses of global cytokine 

profiles were performed by partial permutation tests using SPICE software (NIAID, NIH) as previously 

described (564). P values < 0.05 was considered significant.  

 

Study Approval 

Macaques were housed at the Yerkes National Primate Research Center and were cared for under 

guidelines established by the Animal Welfare Act and the NIH ‘Guide for the Care and Use of Laboratory 

Animals’ using protocols approved by the Emory University IACUC (Atlanta, GA). 

 

Data availability  

RNA-Seq dataset is available at the GEO repository under accession # GSE111435.  
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The data that support the findings of this study are available upon request from the corresponding author.  
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Figure 1. PD-1 blockade administered prior to ART (phase I) results in improved T cell 

functionality in SIV-infected RMs. (A) Schematic of PD-1 blockade strategy during phase I and II. (B) 

Frequency of Ki-67+ CD4+ and CD8+ T cells in the blood. (C) Frequency of SIV Gag and Env-specific 

IFN and TNF producing CD4+ and CD8+ T cells in the blood. (D) Percent of Ki-67+, granzyme B+, 

and CXCR5+ GagCM9+ CD8+ T cells in the blood (saline, n = 6; PD-1 Ab treated, n = 5). (E) Gene set 

enrichment analysis (GSEA) of RNASeq data from blood at day 10 compared to day 0 following PD-1 

blockade during phase I (PD-1 Ab treated, n = 10). Normalized enrichment scores for select up regulated 

and down regulated gene sets depicted. Dashed line indicates normalized enrichment score cut-off of > 

1.35 for up regulated gene sets and < -1.35 for down regulated gene sets with a false discovery rate of < 

0.2. (F) GSEA plots comparing day 10 to day 0 of Phase I for PD-1 Ab and saline treated (n = 5) groups. 

Leading edge genes from gene sets are shown as black outlined dots. Shaded grey area depicts ART.  
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Unfilled circles indicate values from Mamu-A*01 RMs. Data in B and C are shown as mean ± SEM. *, p 

< 0.05; **, p < 0.01; ***, p < 0.001. Two-way ANOVA (B, C) or two-tailed paired Student’s t-test (D) 

were used. N = 10 per group unless otherwise noted. 
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Figure 2. PD-1 blockade administered prior to ART results in improved viral suppression following 

ART initiation. Plasma SIV RNA viral loads (copies/mL) shown as (A) geometric mean for each group 

and (B) for individual RMs at initiation of PD-1 Ab or saline infusion. Limit of detection is 60 copies/mL. 

(C) Kaplan-Meier curve of number of days until viral suppression (<100 copies/mL for at least two or 

more consecutive time points). (D) Plasma SIV RNA viral loads (copies/mL) from chronically SIV-

infected RMs administered humanized anti-PD-1 antibody or no antibody during ART initiation in a 

second study (n = 4 per group). (E) Frequency of TCM (CD28+ CD95+) CD4+ T cells in the rectum. (F) 

Frequency of IL-17A producing CD4+ T cells in the rectum after PMA and ionomycin stimulation 

(saline, n = 9). (G) Frequency of neutrophils in lamina propria sections after 36 weeks of ART (saline, n 

= 5; PD-1 Ab treated, n = 6). Bars indicate mean. Data was not collected for all animals. Shaded grey area 
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depicts ART. Unfilled symbols indicate values from Mamu-A*01 RMs. Specific T cell frequency data are 

shown as mean  SEM. *, p < 0.05. Mantel-Cox test (C), two-way ANOVA (E-F), or two-tailed Mann 

Whitney test (G) were used. N = 10 per group unless otherwise noted.  
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Figure 3. PD-1 blockade during suppressive ART (phase II) results in T cell proliferation and 

potential destabilization of the viral reservoir.  (A) Ki-67 expression on CD4+ T cells, CD8+ T cells, 

and GagCM9+ CD8+ T cells in blood after first PD-1 Ab infusion (right: saline, n = 2; Single PD-1 

Treated (ST), n = 3; Double PD-1 Treated (DT), n = 5). Data are shown as mean  SEM. (B) Frequency 

of granzyme B+ CD8+ T cells (saline, n = 5; ST, n = 3; DT, n = 10), CXCR5+ GagCM9+ CD8+ T cells 

(saline, n = 3; ST, n = 2; DT, n = 5), and CXCR5+ CD4+ T cells (saline, n = 5; ST, n = 3; DT, n = 10) in 

axillary lymph nodes at two weeks after last PD-1 Ab infusion. Viral outgrowth assay on CD4+ T cells 

from blood of RMs two weeks after the last PD-1 antibody infusion. (C) SIV Gag RNA copies/mL 

assayed from culture supernatant at days 9, 17, and 25 of culture. (D) Representative p27 gag staining and 

(E) frequency of p27 gag+ CEM cells from day 25 of viral outgrowth assay. For viral outgrowth assay, 

saline, n = 4; ST, n = 5; DT, n = 8. Unfilled circles indicate values from Mamu-A*01 RMs. Bars indicate 

mean. Exact p values are shown. Two-way ANOVA (A), two-tailed Mann-Whitney test (B, C), one-way 

ANOVA with Dunn’s multiple comparisons test (B, right), or two-tailed Student’s t-test (E) were used. 

One saline control animal was interrupted from ART early due to significant weight loss and therefore 

data is not available for this animal. Unless otherwise noted, saline, n = 4; ST, n = 5; DT, n = 10. 
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Figure 4. PD-1 blockade during suppressive ART (phase II) stimulates anti-viral cellular response 

pathways. GSEA of RNASeq data from blood at day 7 compared to day 0 following first PD-1 Ab 

infusion for all PD-1 Ab treated animals during Phase II. (A) Normalized enrichment scores for up 

regulated gene sets depicted. Dashed line indicates normalized enrichment score cut-off of > 1.35 with a 

false discovery rate of < 0.2. (B) GSEA plots comparing day 7 and day 0 of first PD-1 Ab infusion during 

Phase II. Leading edge genes from gene sets are shown as black outlined dots. Exact p-values are shown. 

N = 9. (C) Leading edge analysis was performed on positively enriched gene sets that were significant 

during both phase I and phase II. Genes present in at least 7 gene sets were considered core signature 

genes. Filled red boxes indicate presence of the gene in the respective gene set.   
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Figure 5. Enhanced viral control in PD-1 Ab treated animals after ART interruption. (A) Plasma 

SIV RNA viral loads (copies/mL) in individual RMs at pre-ART set point and after ART interruption 

(ATI) (day 0 of phase I and 36-42 weeks of ART treatment, respectively, see Figure 1A). Limit of 

detection is 60 copies/mL. (B) Kaplan-Meier curve showing number of weeks to viral rebound after ATI. 

Limit of detection is 60 copies/mL. (C) Fold reduction of viral loads from pre-ART set point viral loads 

to weeks 8, 12, and 24 after ATI. Bars indicate geometric mean. (D) Kaplan-Meier curve showing number 

of weeks after ATI until viral loads reach within 5-fold levels of pre-ART viral loads. Unfilled circles 

indicate values from Mamu-A*01 RMs. Saline, n = 5, ST, n = 5; DT, n = 10. Mantel-Cox test (B, D) or 

two-tailed Student’s t-test with Welch’s correction (C) were used.  
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Figure 6. Enhanced immune responses in PD-1 Ab treated animals after ART interruption. (A) 

Frequencies of Ki-67+ (3 weeks after ATI; saline, n = 4), Ki-67+ CXCR5+ (3 weeks after ATI; saline, n 

= 4), and perforin+ (4 weeks after ATI) CD8+ T cells in the blood. (B) Frequencies of SIV Gag- and Env-

specific IFN and TNF producing CD8+ T cells in the blood at 4 weeks after ATI. Bars indicate 

geometric mean. (C) Frequency of TCM CD4+ T cells as percentage of CD3+ T cells in the blood at 2 

weeks after ATI (saline, n = 4). (D) Frequency of Tregs in the blood at 4 weeks after ATI. (E) Ratio of 

perforin+ CD8+ T cells to Tregs at week 4 after ATI. (F) Boolean analysis of marker expression of 

CXCR5, granzyme B, perforin, and Ki-67 on TEM CD8+ T cells at 3 weeks after ATI. Correlations of 

frequency of granzyme B+ CD8+ T cells from LNs of animals at day 0 of ATI with (G) frequency of 

perforin+ CD8+ T cells at 4 weeks after ATI and (H) fold reduction of viral loads from pre-ART set point 
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to week 8 after ATI (ST, n = 3). Unfilled circles indicate values from Mamu-A*01 RMs in A-E. Bars 

indicate mean unless otherwise noted. *, p < 0.05. Two-tailed Student’s t-test with Welch’s correction (A-

D), two-tailed Mann Whitney test (E, F), or Spearman’s rank-order correlations test (G, H) were used. R 

indicate correlation coefficients. Unless otherwise noted: saline, n = 5; ST, n = 5; DT, n = 10. 

  



  

 

121 

 

SFigure 1. Plasma SIV RNA viral loads (copies/mL) in individual RMs in PD-1 Ab or saline control 

groups at (A) time of infection through 24 weeks of infection and (B) at day -10 of phase I (start of 

study). Limit of detection is 60 copies/mL. 
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SFigure 2. (A) Frequency of CD4+ T cells in the blood, CD4+ T cells in the rectum, and GagCM9+ 

CD8+ T cells in the blood at 24 weeks of infection for RMs in PD-1 Ab or saline control groups.  (B) 

Frequency of Tcm CD4+ T cell in the rectum, and SIV Gag and Env specific IFN- and TNF- producing 

CD4+ and CD8+ T cells in the blood at day -10 of phase I (start of study) for RMs in PD-1 Ab or saline 

control groups. 
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SFigure 3.  (A) Ki-67 expression on Cell Trace Violet-labeled PBMCs from RMs chronically infected 

with SIVmac251 for 30 or more weeks that were stimulated with SIV Gag peptides and cultured in the 

presence or absence of primatized anti-PD-1 antibody (10 ug/ml) for 5 days (n = 8). (B) Plasma 

concentrations of primatized PD-1 Ab (EH12 IgG4) in PD-1 blockade treated RMs as determined by 

ELISA. (C) OD450 values measuring levels of anti-EH12 responses generated in plasma of PD-1 Ab 

treated RMs. (D) Frequency of Ki-67 expressing CD4+ and CD8+ TCM and TEM cells in the blood. (E) 

Frequency of Ki-67+ CD4+ and CD8+ T cells in the rectum. (F) Frequency of SIV Gag and Env specific 

IFN- and TNF- producing CD8+ T cells for individual RMs. (G) Frequency of GagCM9+ CD8+ T 

cells in the blood (saline, n = 6; PD-1 Ab treated, n = 5). Data are shown as mean  SEM. *, p < 0.05; **, 

p < 0.01; ***, p < 0.001. Two-tailed paired Student’s t test (A, F) or two-way ANOVA (D, E) were used. 

N = 10 per group unless otherwise noted. Shaded grey area depicts anti-retroviral treatment.  
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SFigure 4. (A) GSEA plots comparing day 10 to day 0 of Phase I for PD-1 Ab and saline treated groups.  

Leading edge genes from gene sets are shown as black outlined dots. (B) Heat map of log2 fold change of 

gene expression for leading edge genes of select gene sets comparing day 10 to day 0 during Phase I. (C) 

Heat map of log2 fold change of gene expression from day 10 of treatment over day 0 during Phase I of 

selected genes. Numbers indicate nominal p-values for change in gene expression. Exact p values are 

shown. Saline, n = 5; PD-1 Ab treated, n = 10.   
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SFigure 5. (A) Plasma concentrations of primatized PD-1 Ab (EH12 IgG4) in PD-1 blockade treated 

RMs as determined by ELISA during Phase II. (B) OD450 values measuring levels of anti-EH12 

responses generated in plasma of PD-1 Ab treated RMs. (C) Ki-67 expression of TEM and TCM CD4+ T 

cells at day 0, 7, and 14 after first PD-1 Ab infusion under ART. (D) Ki-67 expression on CD4+, CD8+, 

and GagCM9 Tet+ CD8+ T cells from PBMCs after second and third PD-1 Ab infusion (right: saline, n = 

2; PD-1 Single Treated (ST), n = 3; PD-1 Double Treated (DT), n = 5). Data are shown as mean  

SEM. (E) Frequency of SIV Gag and Env-specific IFN and TNF producing CD4+ (left) and CD8+ 

(right) T cells for individual RMs after first PD-1 Ab infusion. (F) Plasma SIV RNA viral loads 

(copies/mL) during phase II. Limit of detection is 60 copies/mL. (G) Number of transient increases in 

plasma viremia per animal. Exact p values are shown. Two-way ANOVA (C, D) or two-tailed paired 

0 14 28 42 56 70 84 98 112 126
0.1

1

10

100

Days Post First αPD-1 Ab Infusion

P
la

s
m

a
 E

H
1
2
 A

b
 

(P
D

-1
 A

b
) 

L
e
v
e
ls

 (
µ

g
/m

l)
 

RFf14

RYn14

RHp13

REc14

RTa14

RJh14

RJi13

RUk13

RFe14

RSg14

0 14 28 42 56 70 84 98 112 126
0.1

1

10

100

Days Post First αPD-1 Ab Infusion

P
la

s
m

a
 E

H
1
2
 A

b
 

(P
D

-1
 A

b
) 

L
e
v
e
ls

 (
µ

g
/m

l)
 RBp13

RLu13

RGy13

RQi14
RCa14

0.01

0.1

1

10

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
8
+

 T
 c

e
lls

0 7

0.09

Days post aPD-1 

0.01

0.1

1

10

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
8
+

 T
 c

e
lls

Days post aPD-1 

0 7

0.01

0.1

1

10

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
8
+

 T
 c

e
lls

Days post saline

0 7
0.01

0.1

1

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
4
+

 T
 c

e
lls

0 7

Days post aPD-1 

0.01

0.1

1

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
4
+

 T
 c

e
lls

Days post aPD-1 

0 7
0.01

0.1

1

%
 I
F

N
g+

 T
N

F
a

+
 o

f 
C

D
4
+

 T
 c

e
lls

Days post saline

0 7

1st Infusion CD4 T cells: IFNg+ TNFa+ 1st Infusion CD8 T cells: IFNg+ TNFa+

A

D CD4+ T cells

0 7 14
0

2

4

6

8

Days Post αPD-1 

%
 K

i-
6
7
+

 

0.06

0.06

0 7 14
0

2

4

6

8

Days Post αPD-1 

0 7 14
0

2

4

6

8

Days Post αPD-1 

0 7 14
0

2

4

6

8

Days Post αPD-1 

2nd Infusion 3rd Infusion

GagCM9+ CD8+  T cells

0 7 14
0

5

10

15

20

Days Post αPD-1 

0 7 14
0

5

10

15

20

Days Post αPD-1 

aPD-1 Double Treated

aPD-1 Single Treated

Saline Treated 

E

CD8+ T cells

2nd Infusion 3rd Infusion 2nd Infusion 3rd Infusion

D
a

y
 0

D
a

y
 7

D
a

y
 1

4

D
a

y
 0

D
a

y
 7

D
a

y
 1

4

D
a

y
 0

D
a

y
 7

D
a

y
 1

4

0

5

10

15

20

%
 K

i-
6
7
+

 o
f 
T

E
M

 C
D

4
+

 T
 C

e
lls

0.02

0.0009

D
a

y
 0

D
a

y
 7

D
a
y
 1

4

D
a

y
 0

D
a

y
 7

D
a
y
 1

4

D
a

y
 0

D
a

y
 7

D
a
y
 1

4

0

10

20

30

40

%
 K

i-
6
7
+

 o
f 
T

C
M

 C
D

4
+

 T
 C

e
lls

 

0.02

0.003

Saline Treated

aPD-1 Single Treated

aPD-1 Double Treated

C

0 7 14 21 28 35

0

1

2

3

4

5

Days Post First aPD-1 Ab Infusion

a
n
ti
-E

H
1

2
 A

n
ti
b
o
d

y
 L

e
v
e
ls

 (
O

D
4

5
0
)

RYn14

RHp13

REc14

RTa14

RJh14

RJi13

RUk13

RFe13

RSg14

RFf14

0 7 14 21 28 35

0

1

2

3

4

5

Days Post First aPD-1 Ab Infusion

a
n
ti
-E

H
1
2

 A
n

ti
b
o
d
y
 L

e
v
e
ls

 (
O

D
4
5

0
)

RBp13

RLu13

RQi14

RCa14

RGy13

B

G

0 2 4 6 8 10
101

102

103

Weeks Post PD-1 Blockade Under ART

P
la

s
m

a
 S

IV
 R

N
A

 (
c
o
p
ie

s
/m

L
)

aPD-1 Double Treated

0 2 4 6 8 10
101

102

103

Weeks Post PD-1 Blockade Under ART

P
la

s
m

a
 S

IV
 R

N
A

 (
c
o
p

ie
s
/m

L
)

aPD-1 Single Treated

0 2 4 6 8 10
101

102

103

Weeks Post PD-1 Blockade Under ART

P
la

s
m

a
 S

IV
 R

N
A

 (
c
o
p

ie
s
/m

L
)

Saline Controls

0

1

2

3

4

N
o
. 
o
f 
D

e
te

c
ta

b
le

 

S
IV

 R
N

A
 e

p
is

o
d
e
s

Saline

n = 4

Single Treated

n = 5

Double Treated

n = 10

H

0

10

20

30

40

50

%
 C

X
C

R
5
+

 C
D

4
+

 T
 c

e
lls

(B
lo

o
d

)

ns

S
a

lin
e

S
in

g
le

a
P

D
-1

D
o
u

b
le

a
P

D
-1

CXCR5 of CD4+

0

10

20

30

40

50

%
 G

ra
n
z
y
m

e
 B

+
 C

D
8
+

 T
 c

e
lls

(B
lo

o
d
)

ns

S
a
lin

e

S
in

g
le

a
P

D
-1

D
o

u
b
le

a
P

D
-1

Granzyme B of CD8+

0

10

20

30

40

%
 C

X
C

R
5
+

 G
a

g
C

M
9

+
 C

D
8
+

 T
 c

e
lls

(B
lo

o
d
)

ns

S
a

lin
e

S
in

g
le

a
P

D
-1

D
o
u

b
le

a
P

D
-1

CXCR5 of Tet+F



  

 

127 

Student’s t test (E) were used. Saline, n = 4; PD-1 ST, n = 5; PD-1 DT, n = 10 unless otherwise noted. 

Shaded grey area depicts anti-retroviral treatment.  
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SFigure 6. Biochemical parameters detected in the blood of PD-1 Ab treated animals during Phase II. 

Orange symbols are PD-1 double treated and blue symbols are PD-1 single treated RMs. Shaded grey 

area depicts normal ranges. *, p < 0.05. Two-tailed paired Student’s t-test were used to compare week 4 

or week 8 of phase II to week 0. 
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SFigure 7. Complete blood count of PD-1 Ab treated animals during Phase II. Orange symbols are PD-

1 double treated and blue symbols are PD-1 single treated RMs. Shaded grey area depicts normal 

ranges. *, p < 0.05. Two-tailed paired Student’s t-test were used to compare week 4 or week 8 of phase II 

to week 0. 
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SFigure 8. Heat map of log2 fold change of gene expression for leading edge genes of select gene sets 

comparing day 7 to day 0 during first PD-1 Ab infusion of Phase II. PD-1 Ab double and single treated 

combined, n = 9. 
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SFigure 9. (A) Frequency of Ki-67+ (left), Ki-67+ CXCR5+ (middle), and perforin+ (right) CD8+ T cells 

from the blood after ART interruption (ARTi). (B) Frequency of SIV Gag and Env-specific IFN- and 

TNF- producing CD8+ T cells in the blood after ARTi. Data are shown as geometric means. (C) 

Frequency of Ki-67+ CXCR5+ CD4+ T cells as percentage of CD3+ T cells in the blood after ARTi. (D) 

Frequency of TCM CD4+ T cells as percentage of CD3+ T cells in the blood after ARTi.  (E) Boolean 

analysis of expression of CXCR5, granzyme B, perforin, and Ki-67 on TEM CD8+ T cells 3 weeks after 

ARTi. Data and bars are shown as means unless otherwise indicated. * p < 0.05; **, p < 0.01; ***, p < 

0.001. Two-tailed unpaired Student’s t-test with Welch’s correction (C left), two-way ANOVA (A-D), or 

two-tailed unpaired Student’s t-test (E) were used. Saline, n = 4; PD-1 Single Treated, n = 5; PD-1 

Double Treated, n = 10. 
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Supplemental Table 1. Rhesus Macaque Characteristics    

        

 

Double PD-1 

Treated Previous Vaccinations 

A0

1 

B0

8 

B1

7 Sex 

Age (by 

start of 

study) 

1 RFf14  DMP-CD40L - - - Male 4 

2 RYn14*   + - - Male 3 

3 RHp13     DM - - - Male 5 

4 REc14* DM + - - Male 4 

5 RTa14     DM-CD40L - - - Male 4 

6 RJh14 * DM + - - Male 4 

7 RJi13* DM + - - Male 5 

8 RUk13* DMRapamycin + - - Male 5 

9 RFe14 DM - - - Male 4 

10 RSg14 DM - - - Male 4 

 Single PD-1 Treated       

1 RGy13 * DM-CD40L + - - Male 4 

2 RBp13     DM - - - Male 5 

3 RLu13* DM + - - Male 4 

4 RQi14* DMRapamycin + - - Male 4 

5 RCa14 DM - - - Male 4 

 Saline Treated       

1 RFd14* DM-CD40L + - - Male 4 

2 RHl13 DM - - - Male 5 

3 RYj13     DM-CD40L - - - Male 5 

4 RLe14* DMP-CD40L + - - Male 4 

5 RAz13* DM + - - Male 4 

        

D: DNA expressing SIVmac239 Gag, Protease, Reverse transcriptase, Tat, Rev and Envelope gp160 

M: MVA expressing SIVmac239 Gag, Protease, Reverse transcriptase, Envelope gp150 

P: SIVmac239 protein boost in Alum 

CD40L – DNA vaccine co-expressed macaque CD40L 

Rapamycin – animals received rapamycin daily for 31 days (day -3 to day 28 during DNA or MVA 

vaccination) 
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Supplemental Table 2. Significantly Enriched Gene Sets from Phase I 

Analysis of MSigDB C2 Curated Gene Sets 
   

  PD-1 Ab Treated Saline Treated 

NAME SIZE 

N
E

S
 

N
O

M
 p

-

v
al

 

F
D

R
 q

-

v
al

 

N
E

S
 

N
O

M
 p

-

v
al

 

F
D

R
 q

-

v
al

 

GRAHAM_CML_DIVIDING_VS_N

ORMAL_QUIESCENT_UP 
174 2.027 0.000 0.001 0.849 0.869 1.000 

GRAHAM_NORMAL_QUIESCENT

_VS_NORMAL_DIVIDING_DN 
87 1.961 0.000 0.003 -0.617 1.000 1.000 

ROSTY_CERVICAL_CANCER_PR

OLIFERATION_CLUSTER 
138 1.879 0.000 0.030 0.633 1.000 1.000 

WINNEPENNINCKX_MELANOM

A_METASTASIS_UP 
153 1.843 0.000 0.054 -0.696 1.000 1.000 

LEE_EARLY_T_LYMPHOCYTE_U

P 
100 1.832 0.000 0.052 0.887 0.723 1.000 

ISHIDA_E2F_TARGETS 51 1.793 0.000 0.094 -1.193 0.168 1.000 

KONG_E2F3_TARGETS 94 1.782 0.000 0.098 0.863 0.729 1.000 

STEINER_ERYTHROCYTE_MEM

BRANE_GENES 
15 1.782 0.000 0.086 -0.994 0.458 1.000 

SOTIRIOU_BREAST_CANCER_G

RADE_1_VS_3_UP 
147 1.777 0.000 0.085 0.765 0.975 1.000 

ZHOU_CELL_CYCLE_GENES_IN_

IR_RESPONSE_6HR 
82 1.770 0.000 0.087 0.619 1.000 1.000 

KANG_DOXORUBICIN_RESISTA

NCE_UP 
54 1.766 0.002 0.086 0.664 0.981 1.000 

ZHOU_CELL_CYCLE_GENES_IN_

IR_RESPONSE_24HR 
122 1.743 0.000 0.120 0.827 0.873 1.000 

ZHAN_MULTIPLE_MYELOMA_P

R_UP 
42 1.731 0.002 0.137 0.664 0.975 1.000 

MOLENAAR_TARGETS_OF_CCN

D1_AND_CDK4_DN 
55 1.719 0.000 0.157 1.106 0.255 1.000 

REACTOME_DEGRADATION_OF

_THE_EXTRACELLULAR_MATRI

X 

27 1.718 0.002 0.148 1.112 0.307 1.000 

WHITEFORD_PEDIATRIC_CANC

ER_MARKERS 
115 1.715 0.000 0.146 0.797 0.928 1.000 

KEGG_NICOTINATE_AND_NICO

TINAMIDE_METABOLISM 
23 1.714 0.002 0.141 0.767 0.836 1.000 

HORIUCHI_WTAP_TARGETS_DN 299 1.710 0.000 0.141 0.745 0.998 1.000 

ZHANG_TLX_TARGETS_36HR_D

N 
184 1.705 0.000 0.147 0.647 1.000 1.000 

SENGUPTA_NASOPHARYNGEAL

_CARCINOMA_WITH_LMP1_DN 
159 1.689 0.000 0.179 1.048 0.333 1.000 

ONDER_CDH1_TARGETS_3_DN 57 1.688 0.002 0.173 0.934 0.566 1.000 

GRAHAM_CML_QUIESCENT_VS

_NORMAL_QUIESCENT_UP 
82 1.682 0.002 0.179 0.866 0.723 1.000 
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ODONNELL_TFRC_TARGETS_D

N 
127 1.682 0.000 0.171 0.845 0.863 1.000 

SHEDDEN_LUNG_CANCER_POO

R_SURVIVAL_A6 
435 1.679 0.000 0.172 0.941 0.664 1.000 

CHANG_CYCLING_GENES 143 1.668 0.000 0.198 -0.969 0.521 1.000 

FERREIRA_EWINGS_SARCOMA_

UNSTABLE_VS_STABLE_UP 
157 1.666 0.000 0.195 -0.896 0.767 1.000 

RADAEVA_RESPONSE_TO_IFNA

1_UP 
50 -1.714 0.000 0.195 0.781 0.845 1.000 

BURTON_ADIPOGENESIS_PEAK

_AT_2HR 
51 -1.725 0.000 0.198 1.330 0.060 1.000 

FARMER_BREAST_CANCER_CL

USTER_1 
40 -1.736 0.000 0.177 1.058 0.383 1.000 

GRANDVAUX_IRF3_TARGETS_U
P 

15 -1.745 0.005 0.168 0.456 0.992 1.000 

KEGG_PROPANOATE_METABOL

ISM 
32 -1.746 0.000 0.176 0.915 0.608 1.000 

KHETCHOUMIAN_TRIM24_TAR

GETS_UP 
46 -1.776 0.000 0.122 0.770 0.853 1.000 

TONKS_TARGETS_OF_RUNX1_R

UNX1T1_FUSION_SUSTAINDED_

IN_ERYTHROCYTE_UP 

44 -1.776 0.000 0.132 1.136 0.251 1.000 

REACTOME_INTERFERON_ALPH

A_BETA_SIGNALING 
54 -1.779 0.000 0.137 -0.513 1.000 1.000 

UROSEVIC_RESPONSE_TO_IMIQ

UIMOD 
22 -1.785 0.002 0.139 1.111 0.347 1.000 

NAGASHIMA_EGF_SIGNALING_

UP 
56 -1.802 0.000 0.119 0.971 0.510 1.000 

FIGUEROA_AML_METHYLATIO

N_CLUSTER_3_DN 
36 -1.803 0.003 0.131 -1.196 0.195 1.000 

BOWIE_RESPONSE_TO_EXTRAC

ELLULAR_MATRIX 
17 -1.817 0.000 0.118 0.763 0.801 1.000 

EINAV_INTERFERON_SIGNATU

RE_IN_CANCER 
27 -1.818 0.000 0.132 1.178 0.248 1.000 

BROWNE_INTERFERON_RESPO

NSIVE_GENES 
66 -1.888 0.000 0.046 0.718 0.970 1.000 

BOSCO_INTERFERON_INDUCED

_ANTIVIRAL_MODULE 
72 -1.911 0.000 0.036 0.828 0.808 1.000 

BOWIE_RESPONSE_TO_TAMOXI

FEN 
18 -1.913 0.002 0.043 0.871 0.661 1.000 

DAUER_STAT3_TARGETS_DN 49 -1.934 0.000 0.037 0.662 0.977 1.000 

MOSERLE_IFNA_RESPONSE 31 -2.093 0.000 0.000 1.022 0.418 1.000 

HECKER_IFNB1_TARGETS 91 -2.157 0.000 0.000 0.789 0.928 1.000 
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Supplemental Table 3. Significantly Enriched Gene Sets from Phase I Analysis of MSigDB C7 

Immunologic Gene Sets 

  PD-1 Ab Treated Saline Treated 

NAME SIZE NES 
NOM 

p-val  

FDR 

q-val  
NES 

NOM 

p-val  

FDR 

q-val  

GSE15750_DAY6_VS_DAY10_EFF

_CD8_TCELL_UP 
195 1.873 0.000 0.001 -0.801 0.997 1.000 

GSE15750_DAY6_VS_DAY10_TR

AF6KO_EFF_CD8_TCELL_UP 
192 1.861 0.000 0.000 0.720 1.000 1.000 

GSE34205_RSV_VS_FLU_INF_INF

ANT_PBMC_UP 
164 1.770 0.000 0.003 0.852 0.867 1.000 

GSE2405_S_AUREUS_VS_UNTRE

ATED_NEUTROPHIL_DN 
194 1.732 0.000 0.006 0.756 0.988 1.000 

GSE13485_PRE_VS_POST_YF17D

_VACCINATION_PBMC_UP 
171 1.686 0.000 0.018 1.204 0.097 1.000 

GSE41176_WT_VS_TAK1_KO_AN

TI_IGM_STIM_BCELL_1H_DN 
188 1.676 0.000 0.020 -1.223 0.054 1.000 

GSE13547_2H_VS_12_H_ANTI_IG

M_STIM_ZFX_KO_BCELL_DN 
167 1.665 0.001 0.024 0.915 0.697 1.000 

GSE13485_DAY1_VS_DAY21_YF1

7D_VACCINE_PBMC_DN 
181 1.636 0.000 0.038 -0.537 1.000 1.000 

GSE29618_PRE_VS_DAY7_POST_

TIV_FLU_VACCINE_BCELL_UP 
187 1.629 0.000 0.039 1.131 0.154 1.000 

GSE3720_LPS_VS_PMA_STIM_V

D2_GAMMADELTA_TCELL_UP 
130 1.621 0.000 0.043 0.819 0.909 1.000 

GSE19941_LPS_VS_LPS_AND_IL1

0_STIM_IL10_KO_MACROPHAGE

_UP 

178 1.619 0.000 0.041 0.706 1.000 1.000 

GSE21670_UNTREATED_VS_TGF

B_IL6_TREATED_CD4_TCELL_U

P 

180 1.617 0.000 0.038 0.897 0.743 1.000 

GSE37532_WT_VS_PPARG_KO_V

ISCERAL_ADIPOSE_TISSUE_TRE

G_UP 

184 1.614 0.000 0.038 0.750 0.998 1.000 

GSE45365_WT_VS_IFNAR_KO_B

CELL_MCMV_INFECTION_DN 
164 1.610 0.000 0.039 -0.873 0.862 1.000 

GSE33292_WT_VS_TCF1_KO_DN

3_THYMOCYTE_DN 
199 1.605 0.000 0.041 -0.687 1.000 1.000 

GSE24634_TEFF_VS_TCONV_DA

Y7_IN_CULTURE_UP 
194 1.604 0.000 0.039 0.743 0.997 1.000 

GSE39556_CD8A_DC_VS_NK_CE

LL_MOUSE_3H_POST_POLYIC_I

NJ_UP 

197 1.591 0.000 0.049 -0.638 1.000 1.000 

GSE14415_INDUCED_VS_NATUR

AL_TREG_DN 
176 1.591 0.000 0.047 -0.796 0.990 1.000 

GSE34205_HEALTHY_VS_RSV_I

NF_INFANT_PBMC_DN 
192 1.579 0.000 0.056 1.121 0.191 1.000 

GSE45365_HEALTHY_VS_MCMV 170 1.563 0.001 0.076 -0.986 0.476 1.000 
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_INFECTION_CD11B_DC_DN 

GSE13547_CTRL_VS_ANTI_IGM_

STIM_BCELL_12H_UP 
180 1.553 0.001 0.088 0.747 0.997 1.000 

GSE18893_TCONV_VS_TREG_24

H_TNF_STIM_UP 
193 1.541 0.000 0.105 0.653 1.000 1.000 

GSE39110_DAY3_VS_DAY6_POS

T_IMMUNIZATION_CD8_TCELL_

DN 

195 1.536 0.000 0.109 -0.863 0.910 1.000 

GSE21063_WT_VS_NFATC1_KO_

8H_ANTI_IGM_STIM_BCELL_UP 
190 1.529 0.001 0.120 -0.750 1.000 1.000 

GSE24634_TREG_VS_TCONV_PO

ST_DAY7_IL4_CONVERSION_UP 
191 1.528 0.000 0.118 0.842 0.901 1.000 

GSE32255_UNSTIM_VS_4H_LPS_

STIM_DC_UP 
173 1.527 0.001 0.115 -0.587 1.000 1.000 

GSE40274_CTRL_VS_FOXP3_TRA

NSDUCED_ACTIVATED_CD4_TC

ELL_UP 

193 1.521 0.003 0.123 -0.776 0.997 1.000 

GSE14415_NATURAL_TREG_VS_

TCONV_DN 
177 1.519 0.000 0.122 0.761 0.993 1.000 

GSE30962_PRIMARY_VS_SECON

DARY_ACUTE_LCMV_INF_CD8_

TCELL_UP 

194 1.519 0.004 0.119 0.870 0.833 1.000 

GSE8921_UNSTIM_0H_VS_TLR1_

2_STIM_MONOCYTE_24H_UP 
186 1.516 0.000 0.121 1.094 0.236 1.000 

GSE13522_WT_VS_IFNG_KO_SKI

N_UP 
117 1.511 0.004 0.128 -0.928 0.634 1.000 

GSE5589_WT_VS_IL6_KO_LPS_S

TIM_MACROPHAGE_180MIN_UP 
125 1.505 0.003 0.139 -1.124 0.180 1.000 

GSE21379_TFH_VS_NON_TFH_S

AP_KO_CD4_TCELL_UP 
194 1.491 0.000 0.176 -0.877 0.861 1.000 

GSE4748_CYANOBACTERIUM_L

PSLIKE_VS_LPS_AND_CYANOB

ACTERIUM_LPSLIKE_STIM_DC_

3H_DN 

170 1.489 0.003 0.175 1.255 0.051 1.000 

GSE19198_1H_VS_6H_IL21_TREA

TED_TCELL_DN 
193 -1.354 0.010 0.152 0.943 0.604 1.000 

GSE16385_IL4_VS_ROSIGLITAZO

NE_STIM_MACROPHAGE_DN 
166 -1.360 0.022 0.141 0.877 0.778 1.000 

GSE29615_CTRL_VS_DAY7_LAIV

_FLU_VACCINE_PBMC_DN 
150 -1.361 0.008 0.141 -1.073 0.264 1.000 

GSE19401_UNSTIM_VS_RETINOI

C_ACID_STIM_FOLLICULAR_DC

_UP 

188 -1.368 0.014 0.128 -0.717 0.998 1.000 

GSE29618_PDC_VS_MDC_DAY7_

FLU_VACCINE_DN 
192 -1.368 0.006 0.129 0.814 0.961 1.000 

GSE11057_CD4_CENT_MEM_VS_

PBMC_DN 
182 -1.370 0.013 0.127 -0.621 1.000 1.000 

GSE22886_NAIVE_BCELL_VS_DC

_DN 
196 -1.371 0.015 0.127 0.695 1.000 1.000 
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GSE2405_HEAT_KILLED_LYSAT

E_VS_LIVE_A_PHAGOCYTOPHIL

UM_STIM_NEUTROPHIL_24H_UP 

193 -1.372 0.013 0.125 -0.958 0.576 1.000 

GSE9316_IL6_KO_VS_IFNG_KO_I

NVIVO_EXPANDED_CD4_TCELL

_DN 

194 -1.374 0.000 0.123 0.814 0.945 1.000 

GSE19888_CTRL_VS_TCELL_ME

MBRANES_ACT_MAST_CELL_PR

ETREAT_A3R_INH_DN 

192 -1.377 0.007 0.119 0.660 1.000 1.000 

GSE1432_CTRL_VS_IFNG_24H_M

ICROGLIA_DN 
186 -1.384 0.011 0.108 0.579 1.000 1.000 

GSE36826_WT_VS_IL1R_KO_SKI

N_STAPH_AUREUS_INF_DN 
192 -1.394 0.007 0.093 0.782 0.992 1.000 

GSE9988_ANTI_TREM1_AND_LP

S_VS_VEHICLE_TREATED_MON

OCYTES_DN 

190 -1.396 0.007 0.092 0.378 1.000 1.000 

GSE42724_NAIVE_VS_B1_BCELL

_UP 
191 -1.396 0.003 0.092 1.088 0.238 1.000 

GSE38681_WT_VS_LYL1_KO_LY

MPHOID_PRIMED_MULTIPOTEN

T_PROGENITOR_DN 

192 -1.397 0.003 0.092 0.724 0.995 1.000 

GSE1112_OT1_CD8AB_VS_HY_C

D8AA_THYMOCYTE_RTOC_CUL

TURE_UP 

141 -1.399 0.007 0.089 0.888 0.757 1.000 

GSE21670_IL6_VS_TGFB_AND_IL

6_TREATED_STAT3_KO_CD4_TC

ELL_DN 

191 -1.400 0.003 0.089 -1.061 0.276 1.000 

GSE40666_STAT1_KO_VS_STAT4

_KO_CD8_TCELL_DN 
153 -1.402 0.012 0.088 -1.119 0.192 1.000 

GSE26343_UNSTIM_VS_LPS_STI

M_NFAT5_KO_MACROPHAGE_D

N 

194 -1.404 0.000 0.086 -0.757 0.997 1.000 

GSE9988_ANTI_TREM1_VS_VEHI

CLE_TREATED_MONOCYTES_D

N 

189 -1.405 0.007 0.085 -0.461 1.000 1.000 

GSE15750_WT_VS_TRAF6KO_DA

Y6_EFF_CD8_TCELL_DN 
192 -1.407 0.003 0.084 1.028 0.372 1.000 

GSE45365_HEALTHY_VS_MCMV

_INFECTION_CD8A_DC_IFNAR_

KO_DN 

197 -1.407 0.017 0.084 0.915 0.722 1.000 

GSE34006_A2AR_KO_VS_A2AR_

AGONIST_TREATED_TREG_UP 
193 -1.407 0.000 0.085 0.502 1.000 1.000 

GSE19401_PLN_VS_PEYERS_PAT

CH_FOLLICULAR_DC_DN 
195 -1.412 0.009 0.081 1.120 0.187 1.000 

GSE9988_LPS_VS_CTRL_TREATE

D_MONOCYTE_UP 
174 -1.414 0.003 0.079 0.883 0.786 1.000 

GSE41978_ID2_KO_VS_BIM_KO_

KLRG1_LOW_EFFECTOR_CD8_T

CELL_UP 

189 -1.418 0.010 0.075 1.171 0.126 1.000 

GSE6269_FLU_VS_STAPH_AURE 161 -1.421 0.007 0.072 1.133 0.201 1.000 
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US_INF_PBMC_DN 

GSE2405_HEAT_KILLED_VS_LIV

E_A_PHAGOCYTOPHILUM_STIM

_NEUTROPHIL_24H_DN 

183 -1.421 0.000 0.072 -1.224 0.054 1.000 

GSE2706_UNSTIM_VS_2H_LPS_D

C_DN 
172 -1.423 0.003 0.071 0.983 0.491 1.000 

GSE44649_WT_VS_MIR155_KO_A

CTIVATED_CD8_TCELL_UP 
191 -1.425 0.000 0.070 -0.823 0.970 1.000 

GSE21546_UNSTIM_VS_ANTI_CD

3_STIM_SAP1A_KO_AND_ELK1_

KO_DP_THYMOCYTES_UP 

160 -1.435 0.006 0.060 0.863 0.837 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_16H_DN 
169 -1.435 0.000 0.060 -0.723 1.000 1.000 

GSE18281_SUBCAPSULAR_VS_C
ENTRAL_CORTICAL_REGION_O

F_THYMUS_DN 

192 -1.440 0.000 0.057 -0.656 1.000 1.000 

GSE18281_CORTICAL_VS_MEDU

LLARY_THYMOCYTE_UP 
189 -1.442 0.004 0.056 0.863 0.839 1.000 

GSE9988_LOW_LPS_VS_VEHICL

E_TREATED_MONOCYTE_UP 
177 -1.442 0.003 0.056 -0.876 0.888 1.000 

GSE11961_MARGINAL_ZONE_BC

ELL_VS_MEMORY_BCELL_DAY

40_UP 

192 -1.448 0.000 0.052 -1.084 0.216 1.000 

GSE37416_12H_VS_24H_F_TULA

RENSIS_LVS_NEUTROPHIL_UP 
184 -1.455 0.003 0.047 0.810 0.961 1.000 

GSE45365_WT_VS_IFNAR_KO_C

D8A_DC_DN 
194 -1.463 0.003 0.041 0.985 0.494 1.000 

GSE45365_WT_VS_IFNAR_KO_C

D11B_DC_MCMV_INFECTION_U

P 

178 -1.468 0.000 0.038 -0.705 1.000 1.000 

GSE5589_LPS_AND_IL10_VS_LPS

_AND_IL6_STIM_IL6_KO_MACR

OPHAGE_45MIN_UP 

191 -1.469 0.000 0.038 0.852 0.889 1.000 

GSE34392_ST2_KO_VS_WT_DAY

8_LCMV_EFFECTOR_CD8_TCEL

L_DN 

195 -1.470 0.000 0.038 -0.821 0.957 1.000 

GSE19888_ADENOSINE_A3R_INH

_VS_TCELL_MEMBRANES_ACT_

MAST_CELL_UP 

190 -1.472 0.003 0.037 -0.821 0.965 1.000 

GSE9006_TYPE_1_DIABETES_AT

_DX_VS_1MONTH_POST_DX_PB

MC_UP 

193 -1.473 0.000 0.037 0.854 0.880 1.000 

GSE19888_ADENOSINE_A3R_INH

_VS_ACT_WITH_INHIBITOR_PRE

TREATMENT_IN_MAST_CELL_U

P 

188 -1.473 0.000 0.037 -0.940 0.652 1.000 

GSE9988_LPS_VS_VEHICLE_TRE

ATED_MONOCYTE_UP 
177 -1.477 0.000 0.035 1.004 0.442 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_14H_DN 
167 -1.481 0.003 0.034 0.991 0.484 1.000 
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GSE34205_HEALTHY_VS_FLU_IN

F_INFANT_PBMC_DN 
193 -1.484 0.000 0.032 1.331 0.019 1.000 

GSE37605_TREG_VS_TCONV_NO

D_FOXP3_FUSION_GFP_UP 
133 -1.495 0.003 0.027 -0.886 0.774 1.000 

GSE10325_BCELL_VS_MYELOID

_DN 
190 -1.498 0.000 0.026 1.037 0.345 1.000 

GSE21360_NAIVE_VS_QUATERN

ARY_MEMORY_CD8_TCELL_UP 
199 -1.503 0.000 0.024 0.471 1.000 1.000 

GSE29618_BCELL_VS_MONOCY

TE_DAY7_FLU_VACCINE_DN 
189 -1.510 0.000 0.022 1.070 0.267 1.000 

GSE9988_LPS_VS_VEHICLE_TRE

ATED_MONOCYTE_DN 
188 -1.510 0.000 0.022 0.447 1.000 1.000 

GSE11961_FOLLICULAR_BCELL_

VS_MEMORY_BCELL_DAY7_UP 
189 -1.514 0.000 0.020 1.052 0.333 1.000 

GSE34205_RSV_VS_FLU_INF_INF

ANT_PBMC_DN 
176 -1.522 0.000 0.018 0.630 1.000 1.000 

GSE9601_NFKB_INHIBITOR_VS_

PI3K_INHIBITOR_TREATED_HC

MV_INF_MONOCYTE_DN 

191 -1.522 0.000 0.018 0.878 0.805 1.000 

GSE6269_HEALTHY_VS_STAPH_

AUREUS_INF_PBMC_UP 
161 -1.524 0.003 0.018 1.011 0.411 1.000 

GSE29618_MONOCYTE_VS_MDC

_UP 
191 -1.527 0.000 0.017 1.192 0.080 1.000 

GSE29618_MONOCYTE_VS_PDC_

UP 
190 -1.529 0.000 0.017 0.973 0.498 1.000 

GSE45365_NK_CELL_VS_CD11B_

DC_DN 
194 -1.532 0.000 0.016 0.985 0.490 1.000 

GSE36527_CD69_NEG_VS_POS_T

REG_CD62L_LOS_KLRG1_NEG_

UP 

194 -1.534 0.000 0.015 -0.813 0.981 1.000 

GSE369_PRE_VS_POST_IL6_INJE

CTION_SOCS3_KO_LIVER_DN 
192 -1.537 0.000 0.015 0.698 1.000 1.000 

GSE22140_HEALTHY_VS_ARTHR

ITIC_GERMFREE_MOUSE_CD4_T

CELL_DN 

192 -1.537 0.000 0.015 0.831 0.936 1.000 

GSE21546_ELK1_KO_VS_SAP1A_

KO_AND_ELK1_KO_DP_THYMO

CYTES_UP 

169 -1.540 0.000 0.015 0.712 1.000 1.000 

GSE34006_WT_VS_A2AR_KO_TR

EG_DN 
188 -1.543 0.000 0.014 -0.700 1.000 1.000 

GSE42021_CD24INT_VS_CD24LO

W_TREG_THYMUS_DN 
188 -1.552 0.000 0.012 0.725 0.998 1.000 

GSE29618_BCELL_VS_MONOCY

TE_DN 
191 -1.555 0.000 0.011 0.822 0.938 1.000 

GSE33424_CD161_INT_VS_NEG_

CD8_TCELL_UP 
192 -1.588 0.000 0.006 -1.012 0.368 1.000 

GSE11961_GERMINAL_CENTER_

BCELL_DAY7_VS_MEMORY_BC

ELL_DAY40_DN 

194 -1.593 0.000 0.006 -0.958 0.563 1.000 
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GSE9006_TYPE_1_DIABETES_AT

_DX_VS_4MONTH_POST_DX_PB

MC_UP 

195 -1.593 0.000 0.006 0.665 1.000 1.000 

GSE10325_MYELOID_VS_LUPUS

_MYELOID_DN 
193 -1.594 0.000 0.006 1.092 0.239 1.000 

GSE10325_CD4_TCELL_VS_MYE

LOID_DN 
182 -1.596 0.000 0.005 0.876 0.818 1.000 

GSE42021_CD24INT_VS_CD24LO

W_TCONV_THYMUS_DN 
189 -1.601 0.000 0.005 -0.767 0.995 1.000 

GSE14000_UNSTIM_VS_4H_LPS_

DC_TRANSLATED_RNA_DN 
182 -1.610 0.000 0.004 -0.869 0.875 1.000 

GSE19401_NAIVE_VS_IMMUNIZ

ED_MOUSE_PLN_FOLLICULAR_

DC_UP 

187 -1.612 0.000 0.004 0.710 1.000 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_12H_DN 
178 -1.614 0.000 0.004 1.093 0.237 1.000 

GSE42021_CD24HI_VS_CD24LOW

_TREG_THYMUS_DN 
185 -1.617 0.000 0.004 -0.770 0.995 1.000 

GSE7548_NAIVE_VS_DAY7_PCC_

IMMUNIZATION_CD4_TCELL_D

N 

198 -1.621 0.000 0.004 1.098 0.218 1.000 

GSE17974_IL4_AND_ANTI_IL12_

VS_UNTREATED_24H_ACT_CD4

_TCELL_DN 

165 -1.627 0.000 0.003 1.123 0.214 1.000 

GSE21360_PRIMARY_VS_TERTIA

RY_MEMORY_CD8_TCELL_DN 
192 -1.630 0.000 0.003 0.897 0.742 1.000 

GSE21360_NAIVE_VS_QUATERN

ARY_MEMORY_CD8_TCELL_DN 
198 -1.643 0.003 0.003 0.660 1.000 1.000 

GSE18791_UNSTIM_VS_NEWCAT

SLE_VIRUS_DC_18H_DN 
167 -1.644 0.000 0.003 0.964 0.544 1.000 

GSE13485_DAY3_VS_DAY7_YF17

D_VACCINE_PBMC_DN 
183 -1.651 0.000 0.002 0.980 0.508 1.000 

GSE37533_PPARG1_FOXP3_VS_P

PARG2_FOXP3_TRANSDUCED_C

D4_TCELL_PIOGLITAZONE_TRE

ATED_DN 

191 -1.654 0.000 0.002 0.629 1.000 1.000 

GSE7509_DC_VS_MONOCYTE_W

ITH_FCGRIIB_STIM_DN 
191 -1.661 0.000 0.002 1.289 0.015 1.000 

GSE26030_TH1_VS_TH17_DAY5_

POST_POLARIZATION_UP 
191 -1.662 0.000 0.002 -0.860 0.896 1.000 

GSE22886_NAIVE_CD4_TCELL_V

S_MONOCYTE_DN 
193 -1.668 0.000 0.002 0.984 0.456 1.000 

GSE6259_FLT3L_INDUCED_DEC2

05_POS_DC_VS_CD8_TCELL_DN 
160 -1.673 0.000 0.002 -0.704 1.000 1.000 

GSE22886_NAIVE_CD8_TCELL_V

S_MONOCYTE_DN 
193 -1.685 0.000 0.001 1.085 0.273 1.000 

GSE22886_CTRL_VS_LPS_24H_D

C_DN 
190 -1.690 0.000 0.001 1.011 0.417 1.000 

GSE14000_UNSTIM_VS_4H_LPS_

DC_DN 
186 -1.700 0.000 0.001 -0.714 1.000 1.000 
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GSE13485_DAY1_VS_DAY7_YF17

D_VACCINE_PBMC_DN 
187 -1.704 0.000 0.001 0.882 0.782 1.000 

GSE22886_NAIVE_TCELL_VS_M

ONOCYTE_DN 
194 -1.711 0.000 0.001 1.211 0.081 1.000 

GSE42021_TREG_PLN_VS_CD24I

NT_TREG_THYMUS_DN 
190 -1.715 0.000 0.001 0.550 1.000 1.000 

GSE13485_DAY3_VS_DAY21_YF1

7D_VACCINE_PBMC_UP 
181 -1.720 0.000 0.001 0.861 0.864 1.000 

GSE10325_LUPUS_BCELL_VS_LU

PUS_MYELOID_DN 
192 -1.735 0.000 0.000 1.093 0.235 1.000 

GSE37533_PPARG1_FOXP3_VS_F

OXP3_TRANSDUCED_CD4_TCEL

L_PIOGLITAZONE_TREATED_UP 

193 -1.741 0.000 0.001 1.045 0.345 1.000 

GSE22886_NAIVE_BCELL_VS_M

ONOCYTE_DN 
193 -1.742 0.000 0.000 0.701 1.000 1.000 

GSE2770_TGFB_AND_IL4_ACT_V

S_ACT_CD4_TCELL_2H_DN 
191 -1.745 0.000 0.000 1.028 0.388 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_4H_DN 
173 -1.749 0.000 0.000 0.992 0.479 1.000 

GSE6269_FLU_VS_STREP_PNEU

MO_INF_PBMC_UP 
159 -1.758 0.000 0.000 0.461 1.000 1.000 

GSE29618_MONOCYTE_VS_PDC_

DAY7_FLU_VACCINE_UP 
198 -1.760 0.000 0.000 0.993 0.464 1.000 

GSE10325_LUPUS_CD4_TCELL_V

S_LUPUS_MYELOID_DN 
190 -1.776 0.000 0.000 0.943 0.612 1.000 

GSE22140_GERMFREE_VS_SPF_

MOUSE_CD4_TCELL_UP 
193 -1.786 0.000 0.000 0.887 0.790 1.000 

GSE42021_TREG_VS_TCONV_PL

N_UP 
189 -1.791 0.000 0.000 0.865 0.832 1.000 

GSE42021_TREG_PLN_VS_TREG_

PRECURSORS_THYMUS_DN 
189 -1.795 0.000 0.000 0.835 0.911 1.000 

GSE21927_SPLEEN_C57BL6_VS_4

T1_TUMOR_BALBC_MONOCYTE

S_DN 

194 -1.801 0.000 0.000 0.666 1.000 1.000 

GSE6269_HEALTHY_VS_FLU_IN

F_PBMC_DN 
153 -1.820 0.000 0.000 0.894 0.746 1.000 

GSE37534_UNTREATED_VS_PIO

GLITAZONE_TREATED_CD4_TC

ELL_PPARG1_AND_FOXP3_TRAS

DUCED_DN 

192 -1.849 0.000 0.000 0.749 0.995 1.000 

GSE42021_TREG_PLN_VS_CD24L

O_TREG_THYMUS_DN 
183 -1.851 0.000 0.000 -0.797 0.987 1.000 

GSE6269_FLU_VS_E_COLI_INF_P

BMC_UP 
152 -1.870 0.000 0.000 0.673 1.000 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_10H_DN 
181 -1.886 0.000 0.000 0.979 0.503 1.000 

GSE26890_CXCR1_NEG_VS_POS_

EFFECTOR_CD8_TCELL_UP 
190 -1.893 0.000 0.000 0.643 1.000 1.000 

GSE18791_UNSTIM_VS_NEWCAT

SLE_VIRUS_DC_10H_DN 
179 -1.894 0.000 0.000 1.022 0.393 1.000 
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GSE37533_PPARG2_FOXP3_VS_F

OXP3_TRANSDUCED_CD4_TCEL

L_DN 

189 -1.903 0.000 0.000 -0.802 0.984 1.000 

GSE21546_WT_VS_SAP1A_KO_D

P_THYMOCYTES_UP 
176 -1.915 0.000 0.000 0.977 0.495 1.000 

GSE13485_DAY7_VS_DAY21_YF1

7D_VACCINE_PBMC_UP 
187 -1.926 0.000 0.000 0.739 1.000 1.000 

GSE18791_UNSTIM_VS_NEWCAT

SLE_VIRUS_DC_6H_DN 
177 -1.955 0.000 0.000 1.049 0.332 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_6H_DN 
186 -1.961 0.000 0.000 1.068 0.292 1.000 

GSE42724_NAIVE_BCELL_VS_PL

ASMABLAST_UP 
184 -1.969 0.000 0.000 -0.794 0.997 1.000 

GSE18791_CTRL_VS_NEWCASTL

E_VIRUS_DC_8H_DN 
180 -1.971 0.000 0.000 0.772 0.990 1.000 

GSE19888_ADENOSINE_A3R_INH

_PRETREAT_AND_ACT_BY_A3R

_VS_TCELL_MEMBRANES_ACT_

MAST_CELL_UP 

191 -1.987 0.000 0.000 -0.831 0.967 1.000 

GSE13485_CTRL_VS_DAY7_YF17

D_VACCINE_PBMC_DN 
194 -1.999 0.000 0.000 0.944 0.603 1.000 

GSE13485_PRE_VS_POST_YF17D

_VACCINATION_PBMC_DN 
192 -2.015 0.000 0.000 0.788 0.983 1.000 

GSE13484_UNSTIM_VS_YF17D_V

ACCINE_STIM_PBMC_DN 
190 -2.018 0.000 0.000 -0.628 1.000 1.000 

GSE42021_CD24HI_VS_CD24INT_

TREG_THYMUS_DN 
190 -2.046 0.000 0.000 0.490 1.000 1.000 

GSE37533_PPARG1_FOXP3_VS_F

OXP3_TRANSDUCED_CD4_TCEL

L_DN 

191 -2.050 0.000 0.000 0.602 1.000 1.000 

GSE13485_CTRL_VS_DAY3_YF17

D_VACCINE_PBMC_DN 
187 -2.058 0.000 0.000 1.123 0.195 1.000 
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Supplemental Table 4. Significantly Enriched Gene Sets from Phase I Analysis of MSigDB 

Hallmark Gene Sets 

  PD-1 Ab Treated Saline Treated 

NAME SIZE NES 
NOM 

p-val  

FDR 

q-val  
NES 

NOM 

p-val  

FDR 

q-val  

HALLMARK_INTERFERON_ALP

HA_RESPONSE 
93 -2.040 0.000 0.000 0.778 0.928 1.000 

HALLMARK_HEME_METABOLIS

M 
198 1.858 0.000 0.001 -0.505 1.000 1.000 

HALLMARK_INTERFERON_GAM

MA_RESPONSE 
189 -1.818 0.000 0.002 0.768 0.995 1.000 

HALLMARK_TNFA_SIGNALING_

VIA_NFKB 
200 -1.617 0.000 0.013 0.925 0.676 1.000 

HALLMARK_XENOBIOTIC_MET

ABOLISM 
197 -1.572 0.000 0.017 -0.930 0.695 1.000 

HALLMARK_E2F_TARGETS 199 1.570 0.001 0.022 -0.775 0.995 1.000 

HALLMARK_HEDGEHOG_SIGNA

LING 
36 -1.454 0.040 0.051 -0.683 0.971 1.000 

HALLMARK_PANCREAS_BETA_

CELLS 
40 1.386 0.062 0.165 -0.992 0.470 1.000 
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Supplemental Table 5. Significantly Enriched Gene Sets from Phase II Analysis of MSigDB C2 

Curated Gene Sets 
  ALL PD-1 Treated 

NAME SIZE NES 
NOM 

p-val  

FDR 

q-val  

ROSTY_CERVICAL_CANCER_PROLIFERATION_CLUSTER 138 2.066 0.000 0.000 

SOTIRIOU_BREAST_CANCER_GRADE_1_VS_3_UP 147 2.061 0.000 0.000 

GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCENT_UP 174 2.031 0.000 0.000 

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_UP 82 1.969 0.000 0.001 

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_

DN 
87 1.945 0.000 0.001 

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN 213 1.926 0.000 0.004 

ISHIDA_E2F_TARGETS 51 1.898 0.000 0.006 

REACTOME_AMYLOIDS 74 1.879 0.000 0.011 

VALK_AML_CLUSTER_7 27 1.872 0.000 0.011 

CHANG_CYCLING_GENES 143 1.868 0.000 0.010 

RUIZ_TNC_TARGETS_DN 137 1.867 0.000 0.009 

VALK_AML_CLUSTER_8 25 1.862 0.000 0.010 

GAVIN_FOXP3_TARGETS_CLUSTER_P6 87 1.860 0.000 0.010 

REACTOME_DEPOSITION_OF_NEW_CENPA_CONTAINING_

NUCLEOSOMES_AT_THE_CENTROMERE 
60 1.859 0.000 0.009 

ZHAN_MULTIPLE_MYELOMA_PR_UP 42 1.857 0.000 0.009 

RAGHAVACHARI_PLATELET_SPECIFIC_GENES 68 1.848 0.000 0.010 

IVANOVA_HEMATOPOIESIS_MATURE_CELL 276 1.830 0.000 0.016 

KONG_E2F3_TARGETS 94 1.825 0.000 0.017 

STEINER_ERYTHROCYTE_MEMBRANE_GENES 15 1.819 0.000 0.018 

WIERENGA_STAT5A_TARGETS_GROUP2 56 1.815 0.000 0.019 

REACTOME_RNA_POL_I_PROMOTER_OPENING 55 1.807 0.002 0.023 

KOBAYASHI_EGFR_SIGNALING_24HR_DN 243 1.801 0.000 0.025 

HAHTOLA_SEZARY_SYNDROM_UP 92 1.796 0.000 0.026 

KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 113 1.795 0.000 0.025 

REACTOME_FACTORS_INVOLVED_IN_MEGAKARYOCYTE_

DEVELOPMENT_AND_PLATELET_PRODUCTION 
122 1.792 0.000 0.026 

BURTON_ADIPOGENESIS_3 100 1.786 0.000 0.028 

MAHADEVAN_RESPONSE_TO_MP470_UP 19 1.766 0.000 0.040 

BENPORATH_PROLIFERATION 140 1.758 0.000 0.044 

VANTVEER_BREAST_CANCER_METASTASIS_DN 115 1.757 0.000 0.043 

REACTOME_MITOTIC_M_M_G1_PHASES 167 1.754 0.000 0.045 

KANG_DOXORUBICIN_RESISTANCE_UP 54 1.753 0.000 0.044 

REACTOME_RNA_POL_I_TRANSCRIPTION 78 1.753 0.000 0.043 

REICHERT_MITOSIS_LIN9_TARGETS 27 1.752 0.002 0.042 
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WELCH_GATA1_TARGETS 22 1.752 0.000 0.041 

REACTOME_MEIOTIC_RECOMBINATION 78 1.751 0.000 0.040 

RHODES_UNDIFFERENTIATED_CANCER 69 1.745 0.000 0.043 

LEE_EARLY_T_LYMPHOCYTE_UP 100 1.737 0.000 0.049 

REACTOME_PACKAGING_OF_TELOMERE_ENDS 46 1.735 0.000 0.050 

WINNEPENNINCKX_MELANOMA_METASTASIS_UP 153 1.723 0.000 0.061 

REACTOME_CHROMOSOME_MAINTENANCE 116 1.721 0.000 0.061 

SENGUPTA_NASOPHARYNGEAL_CARCINOMA_UP 285 1.716 0.000 0.065 

REACTOME_DNA_REPLICATION 187 1.715 0.000 0.064 

CROONQUIST_IL6_DEPRIVATION_DN 98 1.715 0.002 0.063 

KHETCHOUMIAN_TRIM24_TARGETS_UP 46 1.706 0.004 0.072 

KUROZUMI_RESPONSE_TO_ONCOCYTIC_VIRUS_AND_CYC

LIC_RGD 
21 1.704 0.002 0.073 

REACTOME_MEIOSIS 106 1.704 0.000 0.072 

GAVIN_FOXP3_TARGETS_CLUSTER_T4 91 1.703 0.000 0.071 

DUTERTRE_ESTRADIOL_RESPONSE_24HR_UP 314 1.698 0.000 0.076 

HECKER_IFNB1_TARGETS 91 1.697 0.000 0.075 

WIELAND_UP_BY_HBV_INFECTION 87 1.693 0.000 0.079 

GOLDRATH_ANTIGEN_RESPONSE 332 1.692 0.000 0.079 

PID_ALPHA_SYNUCLEIN_PATHWAY 33 1.691 0.002 0.078 

MISSIAGLIA_REGULATED_BY_METHYLATION_DN 117 1.686 0.000 0.083 

REACTOME_REGULATION_OF_IFNA_SIGNALING 21 1.685 0.004 0.084 

ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_24HR 122 1.683 0.000 0.084 

REACTOME_TELOMERE_MAINTENANCE 73 1.680 0.000 0.088 

ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_6HR 82 1.676 0.000 0.091 

ODONNELL_TFRC_TARGETS_DN 127 1.671 0.000 0.097 

REACTOME_CELL_CYCLE 391 1.667 0.000 0.101 

WHITFIELD_CELL_CYCLE_LITERATURE 44 1.665 0.000 0.102 

REACTOME_DEFENSINS 42 1.665 0.002 0.100 

KAUFFMANN_MELANOMA_RELAPSE_UP 58 1.664 0.000 0.100 

RADAEVA_RESPONSE_TO_IFNA1_UP 50 1.664 0.000 0.099 

REACTOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINE

S 
53 1.664 0.004 0.098 

PID_NFAT_TFPATHWAY 47 1.663 0.000 0.098 

CHEMNITZ_RESPONSE_TO_PROSTAGLANDIN_E2_UP 133 1.662 0.000 0.098 

REACTOME_MITOTIC_PROMETAPHASE 85 1.659 0.004 0.101 

WU_APOPTOSIS_BY_CDKN1A_VIA_TP53 54 1.657 0.000 0.101 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_10D_UP 178 1.656 0.000 0.101 

KEGG_AUTOIMMUNE_THYROID_DISEASE 28 1.656 0.009 0.101 

CHIANG_LIVER_CANCER_SUBCLASS_PROLIFERATION_UP 172 1.653 0.000 0.103 
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GNATENKO_PLATELET_SIGNATURE 40 1.653 0.004 0.102 

REACTOME_MEIOTIC_SYNAPSIS 69 1.652 0.002 0.102 

REACTOME_ENOS_ACTIVATION_AND_REGULATION 18 1.651 0.004 0.102 

SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION_UP 171 1.651 0.000 0.100 

TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_8D_UP 146 1.650 0.000 0.101 

LINDGREN_BLADDER_CANCER_CLUSTER_3_UP 311 1.646 0.000 0.106 

MOLENAAR_TARGETS_OF_CCND1_AND_CDK4_DN 55 1.645 0.000 0.106 

BIOCARTA_EDG1_PATHWAY 27 1.641 0.002 0.110 

FERREIRA_EWINGS_SARCOMA_UNSTABLE_VS_STABLE_U

P 
157 1.640 0.000 0.111 

PUIFFE_INVASION_INHIBITED_BY_ASCITES_UP 81 1.640 0.000 0.109 

FARMER_BREAST_CANCER_CLUSTER_2 33 1.638 0.004 0.111 

WANG_RESPONSE_TO_GSK3_INHIBITOR_SB216763_DN 340 1.637 0.000 0.112 

VALK_AML_CLUSTER_4 25 1.637 0.012 0.111 

HORIUCHI_WTAP_TARGETS_DN 299 1.633 0.000 0.115 

MARKEY_RB1_ACUTE_LOF_DN 212 1.630 0.000 0.118 

ODONNELL_TARGETS_OF_MYC_AND_TFRC_DN 45 1.630 0.006 0.117 

CHIANG_LIVER_CANCER_SUBCLASS_INTERFERON_DN 46 1.627 0.006 0.120 

PID_FGF_PATHWAY 54 1.627 0.002 0.119 

FLECHNER_BIOPSY_KIDNEY_TRANSPLANT_REJECTED_VS

_OK_UP 
83 1.627 0.002 0.118 

TANG_SENESCENCE_TP53_TARGETS_DN 55 1.626 0.006 0.117 

CHYLA_CBFA2T3_TARGETS_DN 227 1.626 0.000 0.117 

REACTOME_RNA_POL_I_RNA_POL_III_AND_MITOCHONDR

IAL_TRANSCRIPTION 
111 1.625 0.000 0.117 

REACTOME_TRAF6_MEDIATED_IRF7_ACTIVATION 27 1.619 0.014 0.126 

SCHURINGA_STAT5A_TARGETS_UP 21 1.618 0.014 0.127 

BIOCARTA_LAIR_PATHWAY 17 1.613 0.012 0.134 

KOINUMA_COLON_CANCER_MSI_UP 15 1.607 0.014 0.141 

XU_HGF_TARGETS_INDUCED_BY_AKT1_48HR_DN 25 1.606 0.008 0.142 

WHITEFORD_PEDIATRIC_CANCER_MARKERS 115 1.602 0.000 0.148 

MORI_IMMATURE_B_LYMPHOCYTE_DN 90 1.601 0.000 0.149 

FIGUEROA_AML_METHYLATION_CLUSTER_5_DN 44 1.601 0.008 0.149 

REACTOME_M_G1_TRANSITION 78 1.600 0.002 0.148 

REN_BOUND_BY_E2F 60 1.596 0.002 0.154 

PID_VEGFR1_PATHWAY 25 1.596 0.010 0.152 

BIOCARTA_NO1_PATHWAY 29 1.593 0.014 0.157 

MOSERLE_IFNA_RESPONSE 31 1.591 0.012 0.159 

MAGRANGEAS_MULTIPLE_MYELOMA_IGG_VS_IGA_DN 24 1.591 0.012 0.158 

KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM 39 1.591 0.011 0.156 
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SHEPARD_BMYB_TARGETS 71 1.591 0.004 0.155 

MARIADASON_RESPONSE_TO_CURCUMIN_SULINDAC_7 18 1.591 0.015 0.154 

LUCAS_HNF4A_TARGETS_UP 57 1.589 0.006 0.156 

REACTOME_MITOTIC_G1_G1_S_PHASES 129 1.587 0.002 0.158 

JOHANSSON_GLIOMAGENESIS_BY_PDGFB_UP 55 1.586 0.004 0.160 

OLSSON_E2F3_TARGETS_DN 47 1.584 0.005 0.161 

HOFFMANN_LARGE_TO_SMALL_PRE_BII_LYMPHOCYTE_U

P 
159 1.584 0.000 0.161 

SENESE_HDAC2_TARGETS_UP 110 1.583 0.000 0.160 

KEGG_ONE_CARBON_POOL_BY_FOLATE 17 1.582 0.010 0.161 

MOROSETTI_FACIOSCAPULOHUMERAL_MUSCULAR_DIST

ROPHY_UP 
20 1.582 0.025 0.161 

FINETTI_BREAST_CANCER_KINOME_RED 16 1.573 0.019 0.176 

PICCALUGA_ANGIOIMMUNOBLASTIC_LYMPHOMA_DN 128 1.573 0.000 0.175 

SUZUKI_RESPONSE_TO_TSA_AND_DECITABINE_1A 21 1.571 0.010 0.178 

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP 53 1.571 0.010 0.177 

KAMMINGA_EZH2_TARGETS 41 1.569 0.010 0.179 

MORI_PRE_BI_LYMPHOCYTE_UP 80 1.568 0.002 0.178 

ONDER_CDH1_TARGETS_3_DN 57 1.568 0.006 0.178 

PID_AURORA_B_PATHWAY 39 1.567 0.010 0.178 

YU_BAP1_TARGETS 28 1.566 0.006 0.178 

GYORFFY_DOXORUBICIN_RESISTANCE 46 1.565 0.008 0.179 

CAFFAREL_RESPONSE_TO_THC_24HR_5_UP 32 1.564 0.024 0.181 

REACTOME_CELL_CYCLE_MITOTIC 302 1.563 0.000 0.181 

REACTOME_G1_S_TRANSITION 105 1.562 0.000 0.181 

YU_MYC_TARGETS_UP 42 1.562 0.011 0.181 

TAKAO_RESPONSE_TO_UVB_RADIATION_UP 83 1.558 0.006 0.187 

ALCALAY_AML_BY_NPM1_LOCALIZATION_DN 179 1.558 0.000 0.186 

WHITFIELD_CELL_CYCLE_G2_M 205 1.558 0.000 0.185 

ST_INTEGRIN_SIGNALING_PATHWAY 82 1.557 0.006 0.185 

AMUNDSON_GAMMA_RADIATION_RESPONSE 39 1.557 0.012 0.184 

SENESE_HDAC1_AND_HDAC2_TARGETS_UP 224 1.557 0.000 0.183 

SASAKI_ADULT_T_CELL_LEUKEMIA 169 1.556 0.000 0.183 

JISON_SICKLE_CELL_DISEASE_UP 177 1.554 0.000 0.187 

BASAKI_YBX1_TARGETS_UP 272 1.553 0.000 0.188 

GENTLES_LEUKEMIC_STEM_CELL_DN 19 1.547 0.027 0.198 

ZHU_CMV_ALL_UP 118 1.547 0.008 0.197 

BERENJENO_TRANSFORMED_BY_RHOA_FOREVER_UP 19 1.547 0.023 0.196 

REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_COM

PLEX 
63 1.545 0.011 0.200 
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Supplemental Table 6. Significantly Enriched Gene Sets from Phase II Analysis of MSigDB C7 

Immunologic Gene Sets 
  ALL PD-1 Treated 

NAME SIZE NES 
NOM 

p-val  

FDR 

q-val  

GSE34205_HEALTHY_VS_RSV_INF_INFANT_PBMC_DN 192 2.076 0.000 0.000 

GSE15750_DAY6_VS_DAY10_EFF_CD8_TCELL_UP 195 1.991 0.000 0.000 

GSE34205_RSV_VS_FLU_INF_INFANT_PBMC_UP 164 1.960 0.000 0.000 

GSE15750_DAY6_VS_DAY10_TRAF6KO_EFF_CD8_TCELL_UP 192 1.934 0.000 0.000 

GSE36476_CTRL_VS_TSST_ACT_72H_MEMORY_CD4_TCELL_

YOUNG_DN 
194 1.923 0.000 0.000 

GSE27241_WT_VS_RORGT_KO_TH17_POLARIZED_CD4_TCE

LL_UP 
157 1.868 0.000 0.000 

GSE13547_CTRL_VS_ANTI_IGM_STIM_BCELL_12H_UP 180 1.852 0.000 0.000 

GOLDRATH_NAIVE_VS_EFF_CD8_TCELL_DN 194 1.846 0.000 0.000 

GSE14415_INDUCED_VS_NATURAL_TREG_DN 176 1.844 0.000 0.000 

GSE39110_DAY3_VS_DAY6_POST_IMMUNIZATION_CD8_TC

ELL_DN 
195 1.813 0.000 0.000 

GSE13547_CTRL_VS_ANTI_IGM_STIM_BCELL_2H_UP 176 1.803 0.000 0.000 

GSE36476_CTRL_VS_TSST_ACT_72H_MEMORY_CD4_TCELL_

OLD_DN 
196 1.798 0.000 0.000 

GSE36476_CTRL_VS_TSST_ACT_40H_MEMORY_CD4_TCELL_

YOUNG_DN 
196 1.735 0.000 0.001 

GSE36476_CTRL_VS_TSST_ACT_40H_MEMORY_CD4_TCELL_

OLD_DN 
194 1.727 0.000 0.001 

GSE14415_TCONV_VS_FOXP3_KO_INDUCED_TREG_DN 179 1.727 0.000 0.001 

GSE17974_IL4_AND_ANTI_IL12_VS_UNTREATED_24H_ACT_

CD4_TCELL_UP 
152 1.717 0.000 0.001 

GSE40274_CTRL_VS_FOXP3_AND_LEF1_TRANSDUCED_ACTI

VATED_CD4_TCELL_DN 
163 1.716 0.000 0.001 

KAECH_DAY8_EFF_VS_MEMORY_CD8_TCELL_UP 191 1.710 0.000 0.002 

GSE42021_TREG_PLN_VS_CD24INT_TREG_THYMUS_UP 193 1.696 0.000 0.003 

GSE14415_INDUCED_TREG_VS_TCONV_UP 176 1.695 0.000 0.003 

GSE37533_PPARG1_FOXP3_VS_FOXP3_TRANSDUCED_CD4_T

CELL_DN 
191 1.684 0.000 0.004 

GSE2405_S_AUREUS_VS_UNTREATED_NEUTROPHIL_DN 194 1.665 0.000 0.007 

GSE21774_CD56_BRIGHT_VS_DIM_CD62L_POSITIVE_NK_CE

LL_UP 
192 1.662 0.000 0.007 

GSE2770_IL12_ACT_VS_ACT_CD4_TCELL_2H_DN 184 1.659 0.000 0.007 

GOLDRATH_EFF_VS_MEMORY_CD8_TCELL_UP 197 1.647 0.000 0.009 

GSE33292_WT_VS_TCF1_KO_DN3_THYMOCYTE_DN 199 1.641 0.000 0.010 

GSE17186_CD21LOW_VS_CD21HIGH_TRANSITIONAL_BCELL

_DN 
196 1.638 0.000 0.011 

GSE4984_UNTREATED_VS_GALECTIN1_TREATED_DC_UP 171 1.634 0.000 0.011 
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KAECH_DAY8_EFF_VS_DAY15_EFF_CD8_TCELL_UP 193 1.631 0.000 0.011 

KAECH_NAIVE_VS_DAY8_EFF_CD8_TCELL_DN 195 1.627 0.000 0.012 

GSE23308_CTRL_VS_CORTICOSTERONE_TREATED_MACRO

PHAGE_MINERALCORTICOID_REC_KO_DN 
190 1.625 0.000 0.012 

GSE14415_NATURAL_TREG_VS_TCONV_DN 177 1.613 0.000 0.015 

GSE21063_WT_VS_NFATC1_KO_8H_ANTI_IGM_STIM_BCELL

_UP 
190 1.612 0.000 0.015 

GSE2770_UNTREATED_VS_IL4_TREATED_ACT_CD4_TCELL_

2H_UP 
192 1.610 0.000 0.015 

GSE30962_PRIMARY_VS_SECONDARY_ACUTE_LCMV_INF_

CD8_TCELL_UP 
194 1.606 0.000 0.016 

GSE40274_CTRL_VS_EOS_TRANSDUCED_ACTIVATED_CD4_

TCELL_UP 
171 1.604 0.000 0.016 

GSE24634_TEFF_VS_TCONV_DAY7_IN_CULTURE_UP 194 1.603 0.000 0.016 

GSE9960_HEALTHY_VS_SEPSIS_PBMC_UP 174 1.601 0.000 0.017 

GSE45365_CD8A_DC_VS_CD11B_DC_UP 187 1.600 0.000 0.016 

GSE7568_IL4_VS_IL4_AND_DEXAMETHASONE_TREATED_M

ACROPHAGE_UP 
165 1.598 0.000 0.017 

GSE45365_HEALTHY_VS_MCMV_INFECTION_CD11B_DC_IF

NAR_KO_DN 
170 1.587 0.000 0.021 

GSE15330_HSC_VS_LYMPHOID_PRIMED_MULTIPOTENT_PR

OGENITOR_DN 
179 1.587 0.000 0.020 

GSE22886_NAIVE_BCELL_VS_MONOCYTE_DN 193 1.581 0.000 0.023 

GSE3982_CENT_MEMORY_CD4_TCELL_VS_TH1_DN 197 1.578 0.000 0.024 

GSE41176_UNSTIM_VS_ANTI_IGM_STIM_BCELL_1H_DN 191 1.576 0.002 0.024 

GSE24634_TREG_VS_TCONV_POST_DAY7_IL4_CONVERSION

_UP 
191 1.575 0.000 0.024 

GSE27434_WT_VS_DNMT1_KO_TREG_DN 194 1.573 0.000 0.024 

GSE39556_CD8A_DC_VS_NK_CELL_MOUSE_3H_POST_POLYI

C_INJ_UP 
197 1.571 0.000 0.025 

GSE11057_NAIVE_VS_MEMORY_CD4_TCELL_DN 189 1.570 0.000 0.025 

GSE21360_PRIMARY_VS_TERTIARY_MEMORY_CD8_TCELL_

DN 
192 1.570 0.002 0.024 

GSE2706_UNSTIM_VS_2H_LPS_AND_R848_DC_DN 173 1.568 0.000 0.025 

GSE9509_LPS_VS_LPS_AND_IL10_STIM_IL10_KO_MACROPH

AGE_20MIN_DN 
192 1.568 0.002 0.024 

GSE12845_IGD_POS_BLOOD_VS_PRE_GC_TONSIL_BCELL_D

N 
198 1.566 0.000 0.025 

GSE24634_NAIVE_CD4_TCELL_VS_DAY10_IL4_CONV_TREG

_DN 
196 1.562 0.000 0.027 

GSE9988_ANTI_TREM1_VS_ANTI_TREM1_AND_LPS_MONOC

YTE_DN 
172 1.560 0.000 0.027 

GSE34156_UNTREATED_VS_6H_TLR1_TLR2_LIGAND_TREAT

ED_MONOCYTE_UP 
176 1.553 0.000 0.031 

GSE13485_DAY1_VS_DAY7_YF17D_VACCINE_PBMC_DN 187 1.553 0.000 0.031 

GSE3720_VD1_VS_VD2_GAMMADELTA_TCELL_DN 195 1.548 0.002 0.033 
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GSE13547_2H_VS_12_H_ANTI_IGM_STIM_BCELL_DN 177 1.546 0.000 0.034 

GSE3039_NKT_CELL_VS_B2_BCELL_UP 196 1.546 0.000 0.034 

GSE22886_NAIVE_BCELL_VS_NEUTROPHIL_DN 184 1.542 0.002 0.035 

GSE16755_CTRL_VS_IFNA_TREATED_MAC_DN 184 1.541 0.002 0.036 

GSE4748_CYANOBACTERIUM_LPSLIKE_VS_LPS_AND_CYA

NOBACTERIUM_LPSLIKE_STIM_DC_3H_DN 
170 1.540 0.000 0.036 

GSE29618_MONOCYTE_VS_MDC_UP 191 1.539 0.002 0.036 

GSE19923_E2A_KO_VS_E2A_AND_HEB_KO_DP_THYMOCYT

E_DN 
198 1.538 0.002 0.036 

GSE6674_ANTI_IGM_VS_PL2_3_STIM_BCELL_UP 188 1.537 0.002 0.036 

GSE35685_CD34POS_CD38NEG_VS_CD34POS_CD10POS_BON

E_MARROW_DN 
194 1.536 0.000 0.037 

GSE37301_HEMATOPOIETIC_STEM_CELL_VS_CD4_TCELL_U

P 
169 1.536 0.000 0.036 

GSE3982_EOSINOPHIL_VS_CENT_MEMORY_CD4_TCELL_UP 185 1.535 0.000 0.036 

GSE14415_ACT_TCONV_VS_ACT_NATURAL_TREG_DN 173 1.531 0.000 0.039 

GSE21546_SAP1A_KO_VS_SAP1A_KO_AND_ELK1_KO_ANTI_

CD3_STIM_DP_THYMOCYTES_UP 
192 1.529 0.000 0.041 

GSE42021_TCONV_PLN_VS_TREG_PRECURSORS_THYMUS_

DN 
194 1.527 0.000 0.041 

GSE18893_TCONV_VS_TREG_24H_TNF_STIM_UP 193 1.525 0.000 0.042 

GSE13547_WT_VS_ZFX_KO_BCELL_DN 172 1.525 0.000 0.042 

GSE14699_NAIVE_VS_DELETIONAL_TOLERANCE_CD8_TCE

LL_DN 
193 1.520 0.002 0.045 

GSE11057_NAIVE_CD4_VS_PBMC_CD4_TCELL_DN 187 1.519 0.000 0.045 

GSE7548_NAIVE_VS_DAY7_PCC_IMMUNIZATION_CD4_TCE

LL_DN 
198 1.517 0.000 0.046 

GSE16451_IMMATURE_VS_MATURE_NEURON_CELL_LINE_

WEST_EQUINE_ENC_VIRUS_UP 
191 1.516 0.000 0.047 

GSE19888_ADENOSINE_A3R_INH_PRETREAT_AND_ACT_BY

_A3R_VS_TCELL_MEMBRANES_ACT_MAST_CELL_UP 
191 1.513 0.000 0.049 

GSE24142_EARLY_THYMIC_PROGENITOR_VS_DN2_THYMO

CYTE_FETAL_DN 
193 1.513 0.000 0.049 

GSE5679_CTRL_VS_PPARG_LIGAND_ROSIGLITAZONE_TRE

ATED_DC_UP 
195 1.512 0.002 0.049 

GSE39110_DAY3_VS_DAY6_POST_IMMUNIZATION_CD8_TC

ELL_WITH_IL2_TREATMENT_UP 
192 1.512 0.000 0.048 

GSE23568_CTRL_VS_ID3_TRANSDUCED_CD8_TCELL_DN 193 1.509 0.000 0.050 

GSE36826_WT_VS_IL1R_KO_SKIN_STAPH_AUREUS_INF_UP 194 1.508 0.000 0.050 

GSE36888_UNTREATED_VS_IL2_TREATED_TCELL_6H_UP 177 1.508 0.000 0.050 

GSE7460_FOXP3_MUT_VS_WT_ACT_WITH_TGFB_TCONV_U

P 
189 1.505 0.000 0.052 

GSE7219_WT_VS_NIK_NFKB2_KO_LPS_AND_ANTI_CD40_STI

M_DC_UP 
197 1.502 0.002 0.054 

GSE3982_MAST_CELL_VS_NKCELL_UP 198 1.500 0.000 0.055 
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GSE33425_CD161_INT_VS_NEG_CD8_TCELL_UP 197 1.497 0.002 0.058 

GSE12392_CD8A_POS_VS_NEG_SPLEEN_DC_DN 194 1.495 0.000 0.059 

GSE21379_TFH_VS_NON_TFH_SAP_KO_CD4_TCELL_UP 194 1.494 0.004 0.060 

GSE19401_UNSTIM_VS_PAM2CSK4_STIM_FOLLICULAR_DC_

DN 
197 1.493 0.003 0.061 

GSE13547_2H_VS_12_H_ANTI_IGM_STIM_BCELL_UP 171 1.489 0.002 0.064 

GSE29614_CTRL_VS_DAY7_TIV_FLU_VACCINE_PBMC_DN 176 1.489 0.004 0.064 

GSE3982_MAC_VS_TH1_DN 190 1.488 0.002 0.064 

GSE7852_LN_VS_THYMUS_TCONV_DN 193 1.483 0.002 0.069 

GSE40666_WT_VS_STAT1_KO_CD8_TCELL_WITH_IFNA_STI

M_90MIN_DN 
196 1.480 0.002 0.072 

GSE10239_NAIVE_VS_KLRG1HIGH_EFF_CD8_TCELL_DN 188 1.479 0.000 0.073 

GSE22886_NAIVE_CD4_TCELL_VS_DC_DN 193 1.479 0.005 0.073 

GSE10239_NAIVE_VS_DAY4.5_EFF_CD8_TCELL_DN 191 1.478 0.000 0.073 

GSE34006_UNTREATED_VS_A2AR_AGONIST_TREATED_TRE

G_UP 
193 1.477 0.000 0.073 

GSE16266_CTRL_VS_HEATSHOCK_AND_LPS_STIM_MEF_UP 194 1.477 0.000 0.072 

GSE37533_PPARG2_FOXP3_VS_FOXP3_TRANSDUCED_CD4_T

CELL_DN 
189 1.476 0.002 0.073 

GSE11057_NAIVE_VS_CENT_MEMORY_CD4_TCELL_DN 190 1.475 0.002 0.074 

GSE15930_NAIVE_VS_72H_IN_VITRO_STIM_CD8_TCELL_DN 190 1.475 0.004 0.074 

GSE37532_WT_VS_PPARG_KO_LN_TREG_DN 111 1.472 0.006 0.076 

GSE9006_HEALTHY_VS_TYPE_1_DIABETES_PBMC_4MONTH

_POST_DX_UP 
195 1.472 0.002 0.076 

GSE360_T_GONDII_VS_M_TUBERCULOSIS_DC_DN 186 1.470 0.002 0.077 

GSE24634_IL4_VS_CTRL_TREATED_NAIVE_CD4_TCELL_DA

Y7_UP 
190 1.469 0.000 0.078 

GSE32034_LY6C_HIGH_VS_LOW_ROSIGLIZATONE_TREATE

D_MONOCYTE_DN 
194 1.469 0.006 0.077 

GSE40274_CTRL_VS_FOXP3_AND_GATA1_TRANSDUCED_A

CTIVATED_CD4_TCELL_DN 
142 1.467 0.008 0.079 

GSE37533_PPARG1_FOXP3_VS_PPARG2_FOXP3_TRANSDUCE

D_CD4_TCELL_PIOGLITAZONE_TREATED_DN 
191 1.467 0.005 0.080 

GSE33162_UNTREATED_VS_4H_LPS_STIM_HDAC3_KO_MAC

ROPHAGE_DN 
197 1.466 0.000 0.080 

GSE42021_TREG_VS_TCONV_PLN_UP 189 1.466 0.004 0.080 

GSE29618_MONOCYTE_VS_MDC_DAY7_FLU_VACCINE_UP 190 1.465 0.000 0.080 

GSE37532_WT_VS_PPARG_KO_VISCERAL_ADIPOSE_TISSUE

_TREG_UP 
184 1.464 0.004 0.081 

GSE40274_CTRL_VS_FOXP3_AND_IRF4_TRANSDUCED_ACTI

VATED_CD4_TCELL_DN 
157 1.463 0.006 0.082 

GSE25085_FETAL_LIVER_VS_FETAL_BM_SP4_THYMIC_IMP

LANT_DN 
185 1.459 0.002 0.086 

GSE2706_UNSTIM_VS_2H_LPS_DC_DN 172 1.459 0.007 0.086 
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GSE24634_TREG_VS_TCONV_POST_DAY10_IL4_CONVERSIO

N_UP 
195 1.457 0.000 0.087 

GSE7852_TREG_VS_TCONV_FAT_DN 190 1.457 0.002 0.087 

GSE14415_INDUCED_TREG_VS_FAILED_INDUCED_TREG_D

N 
176 1.457 0.002 0.086 

GSE11386_NAIVE_VS_MEMORY_BCELL_UP 180 1.457 0.006 0.086 

GSE45365_CD8A_DC_VS_CD11B_DC_IFNAR_KO_MCMV_INF

ECTION_UP 
169 1.456 0.004 0.086 

GSE19941_UNSTIM_VS_LPS_STIM_IL10_KO_NFKBP50_KO_M

ACROPHAGE_UP 
190 1.456 0.000 0.086 

GSE32164_RESTING_DIFFERENTIATED_VS_ALTERNATIVEL

Y_ACT_M2_MACROPHAGE_UP 
196 1.453 0.002 0.089 

GSE36888_UNTREATED_VS_IL2_TREATED_STAT5_AB_KNO

CKIN_TCELL_17H_UP 
175 1.451 0.000 0.091 

GSE13485_DAY1_VS_DAY21_YF17D_VACCINE_PBMC_DN 181 1.451 0.004 0.092 

GSE32986_GMCSF_VS_GMCSF_AND_CURDLAN_LOWDOSE_

STIM_DC_UP 
190 1.449 0.002 0.093 

GSE3039_ALPHAALPHA_VS_ALPHABETA_CD8_TCELL_DN 190 1.448 0.002 0.094 

GSE18281_SUBCAPSULAR_VS_CENTRAL_CORTICAL_REGIO

N_OF_THYMUS_DN 
192 1.448 0.002 0.094 

GSE19401_NAIVE_VS_IMMUNIZED_MOUSE_PLN_FOLLICUL

AR_DC_UP 
187 1.447 0.006 0.094 

GSE36392_TYPE_2_MYELOID_VS_NEUTROPHIL_IL25_TREAT

ED_LUNG_UP 
195 1.447 0.006 0.093 

GSE19888_ADENOSINE_A3R_INH_VS_ACT_WITH_INHIBITOR

_PRETREATMENT_IN_MAST_CELL_UP 
188 1.447 0.007 0.093 

GSE19941_LPS_VS_LPS_AND_IL10_STIM_IL10_KO_MACROP

HAGE_UP 
178 1.447 0.004 0.093 

GSE3920_IFNA_VS_IFNB_TREATED_ENDOTHELIAL_CELL_D

N 
162 1.445 0.006 0.095 

GSE22935_UNSTIM_VS_24H_MBOVIS_BCG_STIM_MYD88_K

O_MACROPHAGE_UP 
190 1.445 0.002 0.095 

GSE23502_WT_VS_HDC_KO_MYELOID_DERIVED_SUPPRESS

OR_CELL_COLON_TUMOR_UP 
193 1.444 0.000 0.096 

GSE10325_MYELOID_VS_LUPUS_MYELOID_DN 193 1.443 0.002 0.096 

GSE40274_CTRL_VS_FOXP3_AND_EOS_TRANSDUCED_ACTI

VATED_CD4_TCELL_UP 
158 1.442 0.012 0.096 

GSE13547_CTRL_VS_ANTI_IGM_STIM_ZFX_KO_BCELL_2H_

UP 
160 1.442 0.004 0.097 

GSE10325_CD4_TCELL_VS_LUPUS_CD4_TCELL_DN 189 1.441 0.000 0.098 

GSE34156_NOD2_LIGAND_VS_NOD2_AND_TLR1_TLR2_LIGA

ND_6H_TREATED_MONOCYTE_DN 
195 1.440 0.004 0.099 

GSE5589_LPS_VS_LPS_AND_IL6_STIM_IL6_KO_MACROPHA

GE_45MIN_UP 
196 1.439 0.000 0.099 

GSE3720_LPS_VS_PMA_STIM_VD2_GAMMADELTA_TCELL_

UP 
130 1.439 0.004 0.098 

GSE4748_CTRL_VS_LPS_AND_CYANOBACTERIUM_LPSLIKE

_STIM_DC_3H_UP 
193 1.436 0.000 0.102 
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GSE6269_FLU_VS_STAPH_AUREUS_INF_PBMC_DN 161 1.436 0.004 0.102 

GSE29618_MONOCYTE_VS_PDC_DAY7_FLU_VACCINE_UP 198 1.435 0.004 0.102 

GSE19772_CTRL_VS_HCMV_INF_MONOCYTES_UP 192 1.435 0.009 0.102 

GSE9509_LPS_VS_LPS_AND_IL10_STIM_IL10_KO_MACROPH

AGE_10MIN_UP 
190 1.435 0.002 0.101 

GSE23502_WT_VS_HDC_KO_MYELOID_DERIVED_SUPPRESS

OR_CELL_BM_DN 
194 1.434 0.004 0.102 

GSE10240_CTRL_VS_IL17_AND_IL22_STIM_PRIMARY_BRON

CHIAL_EPITHELIAL_CELLS_UP 
188 1.434 0.003 0.102 

GSE34392_ST2_KO_VS_WT_DAY8_LCMV_EFFECTOR_CD8_T

CELL_DN 
195 1.433 0.002 0.102 

GSE5589_LPS_VS_LPS_AND_IL10_STIM_IL10_KO_MACROPH

AGE_45MIN_DN 
187 1.433 0.009 0.102 

GSE45365_WT_VS_IFNAR_KO_BCELL_DN 162 1.433 0.011 0.101 

GSE17721_ALL_VS_24H_PAM3CSK4_BMDC_DN 191 1.432 0.002 0.101 

GSE37532_WT_VS_PPARG_KO_LN_TCONV_DN 171 1.432 0.007 0.101 

GSE15330_LYMPHOID_MULTIPOTENT_VS_MEGAKARYOCY

TE_ERYTHROID_PROGENITOR_IKAROS_KO_DN 
175 1.431 0.006 0.101 

GSE29618_MONOCYTE_VS_PDC_UP 190 1.429 0.005 0.105 

GSE26488_CTRL_VS_PEPTIDE_INJECTION_HDAC7_DELTAP_

TG_OT2_THYMOCYTE_UP 
198 1.429 0.002 0.105 

GSE34156_NOD2_LIGAND_VS_TLR1_TLR2_LIGAND_6H_TRE

ATED_MONOCYTE_DN 
177 1.426 0.004 0.109 

GSE3982_MAST_CELL_VS_CENT_MEMORY_CD4_TCELL_UP 191 1.426 0.000 0.109 

GSE9037_WT_VS_IRAK4_KO_BMDM_DN 187 1.424 0.004 0.110 

GSE21360_NAIVE_VS_QUATERNARY_MEMORY_CD8_TCELL

_UP 
199 1.423 0.004 0.112 

GSE14769_UNSTIM_VS_120MIN_LPS_BMDM_DN 194 1.422 0.006 0.113 

GSE369_PRE_VS_POST_IL6_INJECTION_SOCS3_KO_LIVER_U

P 
193 1.422 0.004 0.113 

GSE45365_WT_VS_IFNAR_KO_BCELL_MCMV_INFECTION_D

N 
164 1.421 0.002 0.113 

GSE43863_TFH_VS_LY6C_INT_CXCR5POS_MEMORY_CD4_T

CELL_UP 
189 1.420 0.002 0.114 

GSE10325_BCELL_VS_MYELOID_DN 190 1.419 0.002 0.116 

GSE2405_0H_VS_24H_A_PHAGOCYTOPHILUM_STIM_NEUTR

OPHIL_DN 
190 1.419 0.007 0.116 

GSE21546_WT_VS_SAP1A_KO_DP_THYMOCYTES_UP 176 1.418 0.011 0.116 

GSE45365_HEALTHY_VS_MCMV_INFECTION_CD11B_DC_DN 170 1.418 0.002 0.116 

GSE4142_PLASMA_CELL_VS_MEMORY_BCELL_DN 187 1.418 0.002 0.116 

GSE17721_0.5H_VS_8H_CPG_BMDC_DN 189 1.417 0.002 0.116 

GSE6269_HEALTHY_VS_STAPH_PNEUMO_INF_PBMC_DN 165 1.416 0.002 0.118 

GSE19888_CTRL_VS_A3R_INHIBITOR_TREATED_MAST_CEL

L_DN 
175 1.416 0.011 0.117 

GSE37416_12H_VS_48H_F_TULARENSIS_LVS_NEUTROPHIL_ 188 1.415 0.005 0.117 
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UP 

GSE27786_NKTCELL_VS_MONO_MAC_DN 194 1.415 0.004 0.117 

GSE3982_MAC_VS_NKCELL_UP 195 1.415 0.004 0.116 

GSE7460_TCONV_VS_TREG_LN_DN 195 1.415 0.004 0.117 

GSE9946_LISTERIA_INF_MATURE_VS_PROSTAGLANDINE2_

TREATED_MATURE_DC_DN 
108 1.412 0.004 0.121 

GSE30971_CTRL_VS_LPS_STIM_MACROPHAGE_WBP7_KO_4

H_DN 
179 1.411 0.008 0.122 

GSE13485_PRE_VS_POST_YF17D_VACCINATION_PBMC_DN 192 1.410 0.007 0.124 

GSE13229_IMM_VS_INTMATURE_NKCELL_UP 195 1.410 0.005 0.123 

GSE17974_IL4_AND_ANTI_IL12_VS_UNTREATED_12H_ACT_

CD4_TCELL_UP 
181 1.410 0.014 0.123 

GSE7219_UNSTIM_VS_LPS_AND_ANTI_CD40_STIM_NIK_NF

KB2_KO_DC_DN 
185 1.409 0.002 0.124 

GSE34156_UNTREATED_VS_24H_NOD2_LIGAND_TREATED_

MONOCYTE_DN 
180 1.408 0.007 0.125 

GSE14769_UNSTIM_VS_60MIN_LPS_BMDM_DN 190 1.408 0.006 0.124 

GSE45739_UNSTIM_VS_ACD3_ACD28_STIM_WT_CD4_TCELL

_DN 
193 1.407 0.005 0.125 

GSE21380_NON_TFH_VS_TFH_CD4_TCELL_DN 192 1.406 0.002 0.126 

GSE25088_IL4_VS_IL4_AND_ROSIGLITAZONE_STIM_STAT6_

KO_MACROPHAGE_DAY10_UP 
185 1.405 0.002 0.127 

GSE45365_WT_VS_IFNAR_KO_CD11B_DC_MCMV_INFECTIO

N_DN 
157 1.403 0.009 0.130 

GSE2770_TGFB_AND_IL4_ACT_VS_ACT_CD4_TCELL_2H_UP 176 1.401 0.008 0.135 

GSE25123_CTRL_VS_IL4_STIM_PPARG_KO_MACROPHAGE_

UP 
192 1.400 0.009 0.136 

GSE14769_UNSTIM_VS_80MIN_LPS_BMDM_DN 191 1.400 0.006 0.135 

GSE13547_2H_VS_12_H_ANTI_IGM_STIM_ZFX_KO_BCELL_D

N 
167 1.400 0.011 0.135 

GSE7348_UNSTIM_VS_LPS_STIM_MACROPHAGE_DN 165 1.400 0.005 0.134 

GSE5589_UNSTIM_VS_180MIN_LPS_AND_IL10_STIM_MACR

OPHAGE_DN 
194 1.400 0.007 0.133 

GSE25087_FETAL_VS_ADULT_TREG_UP 190 1.396 0.007 0.140 

GSE46606_DAY1_VS_DAY3_CD40L_IL2_IL5_STIMULATED_B

CELL_UP 
159 1.396 0.009 0.140 

GSE18804_SPLEEN_MACROPHAGE_VS_TUMORAL_MACROP

HAGE_DN 
182 1.396 0.011 0.140 

GSE38681_WT_VS_LYL1_KO_LYMPHOID_PRIMED_MULTIPO

TENT_PROGENITOR_DN 
192 1.391 0.007 0.149 

GSE22886_NAIVE_CD4_TCELL_VS_48H_ACT_TH1_DN 196 1.391 0.005 0.149 

GSE23505_IL6_IL1_IL23_VS_IL6_IL1_TGFB_TREATED_CD4_T

CELL_UP 
195 1.390 0.007 0.149 

GSE22103_LPS_VS_GMCSF_AND_IFNG_STIM_NEUTROPHIL_

DN 
193 1.389 0.004 0.152 

GSE32164_ALTERNATIVELY_ACT_M2_VS_CMYC_INHIBITE 193 1.389 0.006 0.151 
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D_MACROPHAGE_DN 

GSE20366_EX_VIVO_VS_HOMEOSTATIC_CONVERSION_TRE

G_DN 
194 1.387 0.009 0.155 

GSE5503_MLN_DC_VS_PLN_DC_ACTIVATED_ALLOGENIC_T

CELL_UP 
190 1.385 0.007 0.159 

GSE24634_TEFF_VS_TCONV_DAY5_IN_CULTURE_UP 195 1.384 0.004 0.160 

GSE19772_HCMV_INFL_VS_HCMV_INF_MONOCYTES_AND_

PI3K_INHIBITION_DN 
194 1.384 0.008 0.159 

GSE3982_BASOPHIL_VS_EFF_MEMORY_CD4_TCELL_UP 189 1.384 0.009 0.159 

GSE9650_EFFECTOR_VS_MEMORY_CD8_TCELL_UP 193 1.383 0.009 0.160 

GSE2405_0H_VS_24H_A_PHAGOCYTOPHILUM_STIM_NEUTR

OPHIL_UP 
193 1.382 0.007 0.161 

GSE360_HIGH_DOSE_B_MALAYI_VS_M_TUBERCULOSIS_DC

_DN 
194 1.380 0.010 0.166 

GSE5542_UNTREATED_VS_IFNA_TREATED_EPITHELIAL_CE

LLS_6H_UP 
176 1.378 0.008 0.169 

GSE2405_0H_VS_12H_A_PHAGOCYTOPHILUM_STIM_NEUTR

OPHIL_DN 
188 1.378 0.014 0.169 

GSE3982_NEUTROPHIL_VS_NKCELL_UP 188 1.378 0.007 0.169 

GSE17974_IL4_AND_ANTI_IL12_VS_UNTREATED_12H_ACT_

CD4_TCELL_DN 
172 1.377 0.013 0.171 

GSE2405_HEAT_KILLED_LYSATE_VS_LIVE_A_PHAGOCYTO

PHILUM_STIM_NEUTROPHIL_9H_UP 
190 1.376 0.005 0.171 

GSE14769_UNSTIM_VS_240MIN_LPS_BMDM_DN 195 1.376 0.009 0.171 

GSE23321_CENTRAL_MEMORY_VS_NAIVE_CD8_TCELL_UP 193 1.376 0.008 0.171 

GSE15767_MED_VS_SCS_MAC_LN_UP 189 1.375 0.012 0.172 

GSE360_LOW_DOSE_B_MALAYI_VS_M_TUBERCULOSIS_DC

_DN 
196 1.374 0.011 0.173 

GSE1432_CTRL_VS_IFNG_6H_MICROGLIA_DN 193 1.374 0.013 0.172 

GSE6674_ANTI_IGM_VS_CPG_STIM_BCELL_UP 190 1.374 0.010 0.172 

GSE27786_LSK_VS_ERYTHROBLAST_DN 184 1.374 0.011 0.172 

GSE30971_CTRL_VS_LPS_STIM_MACROPHAGE_WBP7_HET_

2H_UP 
178 1.373 0.011 0.172 

GSE24634_IL4_VS_CTRL_TREATED_NAIVE_CD4_TCELL_DA

Y3_DN 
196 1.373 0.009 0.174 

GSE41867_DAY8_EFFECTOR_VS_DAY30_EXHAUSTED_CD8_

TCELL_LCMV_CLONE13_UP 
190 1.371 0.011 0.176 

GSE17974_IL4_AND_ANTI_IL12_VS_UNTREATED_72H_ACT_

CD4_TCELL_UP 
161 1.371 0.009 0.176 

GSE15930_NAIVE_VS_72H_IN_VITRO_STIM_TRICHOSTATIN

A_CD8_TCELL_DN 
192 1.370 0.015 0.178 

GSE34515_CD16_POS_MONOCYTE_VS_DC_DN 189 1.370 0.021 0.178 

GSE2405_0H_VS_3H_A_PHAGOCYTOPHILUM_STIM_NEUTRO

PHIL_UP 
195 1.369 0.007 0.178 

GSE37532_TREG_VS_TCONV_PPARG_KO_CD4_TCELL_FROM

_LN_UP 
193 1.369 0.009 0.178 
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GSE10325_LUPUS_BCELL_VS_LUPUS_MYELOID_DN 192 1.368 0.005 0.181 

GSE24671_BAKIMULC_VS_SENDAI_VIRUS_INFECTED_MOU

SE_SPLENOCYTES_UP 
195 1.366 0.007 0.183 

GSE17721_CPG_VS_GARDIQUIMOD_6H_BMDC_UP 195 1.366 0.009 0.183 

GSE3039_B2_VS_B1_BCELL_UP 194 1.365 0.002 0.185 

GSE3982_MAST_CELL_VS_BCELL_UP 194 1.365 0.011 0.185 

GSE30971_CTRL_VS_LPS_STIM_MACROPHAGE_WBP7_KO_2

H_UP 
179 1.364 0.010 0.186 

GSE26023_PHD3_KO_VS_WT_NEUTROPHIL_HYPOXIA_DN 188 1.364 0.016 0.185 

GSE3982_EFF_MEMORY_CD4_TCELL_VS_TH1_DN 191 1.364 0.007 0.186 

GSE22229_UNTREATED_VS_IMMUNOSUPP_THERAPY_RENA

L_TRANSPLANT_PATIENT_PBMC_DN 
192 1.363 0.015 0.187 

GSE21546_WT_VS_ELK1_KO_DP_THYMOCYTES_UP 194 1.363 0.017 0.187 

GSE30962_ACUTE_VS_CHRONIC_LCMV_SECONDARY_INF_C

D8_TCELL_DN 
195 1.363 0.006 0.186 

GSE37301_COMMON_LYMPHOID_PROGENITOR_VS_PRO_BC

ELL_DN 
194 1.363 0.009 0.185 

GSE5679_CTRL_VS_PPARG_LIGAND_ROSIGLITAZONE_AND

_RARA_AGONIST_AM580_TREATED_DC_DN 
195 1.362 0.007 0.185 

GSE29949_MICROGLIA_BRAIN_VS_CD8_POS_DC_SPLEEN_D

N 
191 1.362 0.018 0.186 

GSE6674_CPG_VS_CPG_AND_ANTI_IGM_STIM_BCELL_UP 190 1.360 0.016 0.189 

GSE411_100MIN_VS_400MIN_IL6_STIM_SOCS3_KO_MACROP

HAGE_UP 
198 1.360 0.005 0.189 

GSE2405_HEAT_KILLED_VS_LIVE_A_PHAGOCYTOPHILUM_

STIM_NEUTROPHIL_9H_DN 
192 1.360 0.006 0.189 

GSE22886_NAIVE_CD4_TCELL_VS_MONOCYTE_DN 193 1.359 0.004 0.192 

GSE19941_IL10_KO_VS_IL10_KO_AND_NFKBP50_KO_LPS_A

ND_IL10_STIM_MACROPHAGE_DN 
160 1.356 0.010 0.197 

GSE22886_NAIVE_VS_MEMORY_TCELL_DN 195 1.356 0.012 0.197 

GSE360_L_DONOVANI_VS_B_MALAYI_LOW_DOSE_DC_UP 194 1.356 0.007 0.197 

GSE17721_0.5H_VS_4H_CPG_BMDC_DN 190 1.355 0.006 0.198 

GSE9650_NAIVE_VS_EFF_CD8_TCELL_DN 193 1.354 0.012 0.199 
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Supplemental Table 7. Significantly Enriched Gene Sets from Phase II Analysis of MSigDB 

Hallmark Gene Sets 
  ALL PD-1 Treated 

NAME SIZE NES 
NOM 

p-val  

FDR q-

val  

HALLMARK_HEME_METABOLISM 198 2.353 0.000 0.000 

HALLMARK_E2F_TARGETS 199 1.765 0.000 0.005 

HALLMARK_INTERFERON_ALPHA_RESPONSE 93 1.740 0.000 0.005 

HALLMARK_G2M_CHECKPOINT 199 1.726 0.000 0.004 

HALLMARK_INTERFERON_GAMMA_RESPONSE 189 1.564 0.000 0.020 

HALLMARK_IL2_STAT5_SIGNALING 197 1.462 0.004 0.053 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 196 1.416 0.004 0.078 

HALLMARK_ESTROGEN_RESPONSE_LATE 198 1.391 0.008 0.087 

HALLMARK_HYPOXIA 200 1.358 0.007 0.110 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 47 1.357 0.062 0.100 
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Supplemental Table 8. Gene Sets Positively Enriched in Phase I and Phase II from Analysis of 

MSigDB Hallmark and C2 Curated Gene Sets 

 

Phase I PD-1 Ab 

Treated 

Phase II PD-1 Ab 

Treated 

NAME NES FDR q-val NES FDR q-val 

HALLMARK_HEME_METABOLISM 1.858 0.001 2.353 0.000 

HALLMARK_E2F_TARGETS 1.570 0.022 1.765 0.005 

GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCE

NT_UP 2.027 0.001 2.031 0.000 

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DI

VIDING_DN 1.961 0.003 1.945 0.001 

ROSTY_CERVICAL_CANCER_PROLIFERATION_CL

USTER 1.879 0.030 2.066 0.000 

WINNEPENNINCKX_MELANOMA_METASTASIS_UP 1.843 0.054 1.723 0.061 

LEE_EARLY_T_LYMPHOCYTE_UP 1.832 0.052 1.737 0.049 

ISHIDA_E2F_TARGETS 1.793 0.094 1.898 0.006 

KONG_E2F3_TARGETS 1.782 0.098 1.825 0.017 

STEINER_ERYTHROCYTE_MEMBRANE_GENES 1.782 0.086 1.819 0.018 

SOTIRIOU_BREAST_CANCER_GRADE_1_VS_3_UP 1.777 0.085 2.061 0.000 

ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_6H

R 1.770 0.087 1.676 0.091 

KANG_DOXORUBICIN_RESISTANCE_UP 1.766 0.086 1.753 0.044 

ZHOU_CELL_CYCLE_GENES_IN_IR_RESPONSE_24H

R 1.743 0.120 1.683 0.084 

ZHAN_MULTIPLE_MYELOMA_PR_UP 1.731 0.137 1.857 0.009 

MOLENAAR_TARGETS_OF_CCND1_AND_CDK4_DN 1.719 0.157 1.645 0.106 

WHITEFORD_PEDIATRIC_CANCER_MARKERS 1.715 0.146 1.602 0.148 

HORIUCHI_WTAP_TARGETS_DN 1.710 0.141 1.633 0.115 

ONDER_CDH1_TARGETS_3_DN 1.688 0.173 1.568 0.178 

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESC

ENT_UP 1.682 0.179 1.969 0.001 

ODONNELL_TFRC_TARGETS_DN 1.682 0.171 1.671 0.097 

CHANG_CYCLING_GENES 1.668 0.198 1.868 0.010 

FERREIRA_EWINGS_SARCOMA_UNSTABLE_VS_ST

ABLE_UP 1.666 0.195 1.640 0.111 
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DISCUSSION & FUTURE DIRECTIONS 
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SUMMARY OF WORK 

The work presented in this dissertation characterized the development of a novel MVA viral vector for 

use in immunizations against HIV and therapeutic approaches to establish a functional cure for chronic 

HIV infection. MVA has been tested as a vaccine vector in the context of a variety of infectious diseases 

such as HIV as well as solid tumor cancers due to its safety and immunogenicity profile. Here, we 

characterized the development of an MVA vector expressing the anti-apoptotic gene B13R which 

demonstrated significantly reduced apoptosis of infected cells, in particular antigen presenting cells, 

augmented vaccine-induced HIV-specific humoral immunity in vivo and delayed anti-viral responses 

during the early course of infection (Figure 1). The development of this modified MVA vector 

additionally contributes to the field a novel vector for use in improving vaccine-induced humoral 

responses to other pathologies.   

 

Our work utilizing combination anti-retroviral therapy and PD-1 blockade established a foundation 

regarding safety and therapeutic potential of the novel regimen. The use of PD-1 blockade in HIV 

infected patients is limited primarily to patients that also present with cancer co-morbidities due to the 

dearth of safety and efficacy data regarding administering PD-1 blockade to patients on ART which is the 

clinical state most patients would be if they were to receive this treatment. We show for the first time in 

the non-human primate model that administration of PD-1 blockade prior to ART initiation as well as 

during the suppressive ART phase was well-tolerated in our chronically infected rhesus macaques, 

improved anti-viral cellular responses, disrupted the latent SIV reservoir, and limited viral reemergence 

after ART treatment interruption (Figure 2). This study has important implications in furthering HIV 

functional cure research regarding development of novel regimens to co-administer with PD-1 blockade 

to improve both anti-viral responses as well as reactivation of the latent reservoir to accomplish durable 

remission of HIV.  
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DEVELOPMENT OF MVA EXPRESSING ANTI-APOPTOTIC B13R GENE 

MVA AND ANTIGEN PRESENTING CELLS  

We have shown that MVA infectivity of immune cell subsets is directed more highly towards antigen 

presenting cells (APCs) than B cells and subsequently more than T cell subsets in rhesus macaques. 

Additionally, it is in these plasmacytoid DCs (pDCs) and conventional DCs (cDCs) that we see the effect 

of improved viability after MVA-B13R infection. The susceptibility to cell death after infection may be 

related to the differential expression of anti-viral sensors in the different cell subsets. Plasmacytoid 

dendritic cells (pDCs) are known to express the receptors toll-like receptor 7 (TLR7) and TLR9 in 

endosomal locations to recognize single-stranded RNA and unmethylated CpG DNA, respectively. cDCs 

express a variety of innate viral sensors including cGAS and TLR9. Results from Dai et al. indicate that 

cDCs are the main source of the type I IFN response after MVA infection and that cGAS is the main 

cytosolic DNA sensor that recognizes MVA infection in cDCs (512). Despite identification of cGAS as 

the main MVA sensor, there is still a role that TLR9 and the signaling adaptor molecule MyD88 play in 

sensing and activating of cDCs after MVA infection (512). In their study using bone marrow derived 

dendritic cells (BMDCs) from TLR9 or MyD88 knockout mice, infection with MVA resulted in reduced 

though not abolished type I IFN production in vitro compared to MVA infection of wild-type BMDCs, 

indicating a minor but significant role for the TLR9/MyD88 signaling pathway in MVA sensing in DCs. 

The differential expression levels of cGAS and TLR9 between pDCs and cDCs may contribute to the 

relative differences observed in apoptosis induced after MVA infection compared to other immune cell 

subsets. In our experiment, after 20 hours of rhesus macaque cells, MVA infection of pDCs induced 40-

50% caspase 3 activation of infected cells whereas approximately 90% of infected cDCs activated caspase 

3 at the same time.  

 

Discovery of the role and functionality of cGAS sensing of MVA was performed in mice and used mouse 

in vitro derived DC populations so the effects of MVA infection on these cells may not completely 

translate when compared to our data of infection of rhesus macaque cell subsets. Despite this however, 
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the data indicate the possibility that different DC subsets maintain different levels of anti-viral sensors 

which contribute to the degree of anti-viral response induced as determined by type I IFN responses. We 

postulate the improved viability observed after infection with MVA-B13R in the APCs is due to the 

reduced anti-viral sensing occurring at the early stages of infection. This is supported by our RNA-Seq 

data in which anti-viral genes and antigen presentation and processing related genes were expressed at a 

relatively lower level in MVA-B13R immunized animals compared to MVA immunized mice at one day 

after immunization.  

 

DISCERNING MECHANISM OF RESPONSE 

Further analysis of the innate responses generated by MVA versus MVA-B13R would better elucidate the 

mechanisms of how MVA-B13R is capable of enhancing humoral responses during vaccinations. As a 

method to detect infected cells in vivo, future studies could harvest draining lymph node cells after mice 

immunization and determine MVA infectivity by flow cytometry. The monoclonal antibody against the 

MVA E3 protein may be detectable in various immune cells if infection has occurred. This would allow 

for real-time detection of infection and allow us to determine potential differences in cell infectivity and 

viability or changes in DC activation levels after immunization with MVA or MVA-B13R. An ex vivo 

assay would also allow us to begin to answer this question. Infection of immune cells ex vivo to test for 

changes in activation status and cytokine production into the supernatant would be informative as we 

probe these early response time points.  

 

Additionally, to better understand the intracellular dynamics of MVA or MVA-B13R infected cells versus 

bystander cells, sorting of specific cell subsets for RNA-Seq analysis would be informative. As we had 

used bulk draining lymph node cells in our RNA-Seq analysis, there remains the potential that significant 

genes and gene signature profiles may be diluted and rendered non-significant by uninfected cell subsets. 

While there are many studies that indicate the beneficial nature of type I IFNs during an acute response in 

regard to improving humoral responses (515-518), we show that these responses may be further improved 
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in a delayed setting. MVA-B13R vaccinations had reduced levels of IFN signaling relative to MVA 

immunizations at day 1 but become comparable by day 2 and 6. This slower ramping up of the immune 

response during MVA-B13R vaccination could be how MVA-B13R influences the humoral response. In 

vivo studies to test this hypothesis may include immunization with an MVA construct in an environment 

with suboptimal type I IFN signaling. This may be achieved through low level blockade of the type I IFN 

receptor with a monoclonal antibody. Titrations and kinetics of this blockade would be important to 

optimize to allow for only partial and transiently low levels of type I IFN signaling.  

 

FURTHER IMPROVEMENT OF IMMUNE RESPONSES  

Immunogenicity studies in the BALB/c mouse model demonstrated improved antigen-specific humoral 

responses from our MVA-B13R vaccine vector though T cell responses did not improve. Use of 

homologous vaccinations with MVA in the clinic have shown that antibody responses are well induced 

but there remains room for improvement regarding vaccine-induced cellular responses (456). Combining 

the MVA vector in a heterologous prime/boost vaccination regimen such as with DNA has been shown to 

enhance both CD4+ and CD8+ T cell responses (565). Combination DNA/MVA-B13R vaccinations is a 

modality worthy of consideration for the future development of this vector. Preliminary studies of this 

regimen indicate an improvement in Envelope-specific humoral responses after two DNA immunization 

followed by one MVA-B13R immunization. This may also be beneficial in avoiding MVA vector-

specific responses that may detract from further immunogen-specific responses. The influence on DNA 

priming regarding vaccine-specific cellular response remain an area to be explored.  

 

Further enhancement of humoral responses is also an area of interest. The last decade has seen intense 

development of novel immunogens for generation of HIV Envelope-specific responses that are better at 

neutralizing HIV or targeting Envelope epitopes associated with vaccine-mediated protection. 

Development of novel protein immunogens that better mimic the native state of the Envelope trimer such 

as the BG505 SOSIP gp140 construct have been showing promise as a soluble protein capable of eliciting 
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bNAbs (566). Use of next-generation designed trimers that can improve humoral responses to epitopes of 

interest for the induction of bNAbs in combination with the MVA-B13R viral vector has great potential. 

Additionally, incorporation of immunogens into MVA-B13R that express epitopes hypothesized to 

mediate protection from infection such as the V2-hotspot of the HIV Envelope as detected in the RV144 

Thai trial could greatly improve the qualitative nature of the humoral response (567). 

 

Another potential avenue of improving vaccine responses include further modification of the MVA 

genome. Infection with MVA-B13R during in vitro studies demonstrated a reduction of apoptosis and a 

concomitant increase in necrosis. Potentially impeding both the apoptotic pathway during MVA infection 

with B13R expression and impeding the necroptosis pathway with a murine cytomegalovirus (MCMV)-

derived immune modulatory gene such as M45 (viral inhibitor of RIP activation which inhibits 

RIP1/RIP3-mediated necroptosis) could provide a synergistic effect on extending viability of the infected 

cells (568). Alternatively, exogenous expression of the pro-survival factor Bcl2 or its other family 

members into the MVA-B13R genome may also provide overall survival benefit to infected cells. 

Altogether, there remains many possibilities to capitalize on the enhanced immunogenicity observed in 

our novel MVA-B13R vector construct.  

 

 

 

COMBINATION PD-1 BLOCKADE AND ANTIRETROVIRAL THERAPY 

AUTOIMMUNITY AND SAFETY CONCERNS  

There is considerable risk with use of any checkpoint inhibitor blockade therapy as this approach aims to 

activate the immune system in an antigen non-specific manner. Nearly 90% of patients in a phase III 

study utilizing CTLA-4 blockade for metastatic melanoma experienced adverse events of various 

severities and ranging from gastrointestinal disorders and pneumonitis to immune-related events such as 

colitis (569). Use of PD-1 or PD-L1 blockade also resulted in a range of 70-90% antibody-related adverse 

events of various grades (570, 571). Treatment interruption or discontinuation along with treatments to 
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manage the adverse events typically led to improvement or resolution of events in all patients. This in 

addition to the mostly low-grade events that occur make these therapies relatively well-tolerated though 

concern generally remains. Use of blockade therapies for chronic infections such as HIV and hepatitis B 

virus however will need to be optimized for reducing dosages to the minimal effective doses and the 

shortest duration to prevent the potential of off-target effects.  

 

The efficacy of PD-1 blockade for HIV infected patients will also be of incredible interest while under 

ART therapy. As seen in the differences in responses between phase I and phase II of our PD-1 blockade 

and ART combination study, the immunological and virologic environment under ART is incredibly 

different compared to the absence of ART. We observed fewer overall changes in cellular responses 

regarding both proliferation and cytokine producing potential during phase II which was marked by a lack 

of viremia or antigen while blockade was being administered. The overall reduction in systemic 

hyperimmune activation as well during phase II compared to phase I likely contributed to the lowered 

responses observed. The reduced inflammation and lack of antigen of a patient under ART is a 

dramatically different immunological environment compared to a cancer patient combating a tumor. The 

likelihood of epitope spread therefore is likely to be less in a HIV+ patient under ART.  

 

POTENTIAL BIOMARKERS OF BLOCKADE RESPONSE 

Our PD-1 blockade therapy administered in combination with ART has set the framework for 

understanding the safety and dynamics of immune responses that occur during PD-1 blockade in the 

setting of chronic infection. Along with the immunological and virologic outcomes described in Chapter 

III, unanswered questions and room for improvement remain. The early control of viremia by single PD-1 

blockade treated animals that was subsequently loss and the long-term control of viremia by only a subset 

of double PD-1 blockade treated animals invites the question as to why some treated animals maintained 

the benefit of blockade while others did not. This question would be of interest to answer in a clinical 
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setting as well to avoid unnecessary blockade therapy exposure to patients that can be classified as non-

responders prior to treatment.  

 

Literature on PD-1 blockade efficacy for cancer patients indicates potential biomarkers of interest. In 

cancer, some studies saw a correlation with the level of PD-L1 expression on tumor cells and treatment 

efficacy (572). In the chronic HIV/SIV infection setting, it would be of interest to assess the expression 

levels of PD-1 ligands on APCs and B cells prior to treatment in an effort to determine blockade efficacy. 

Higher expression of PD-1 ligands on relevant immune cell subsets would indicate that the cellular 

exhaustion experienced by an individual is mediated by the PD-1 signaling dynamics and that its 

disruption in this setting would be advantageous. The degree of neoantigens displayed by tumor cells also 

has been shown to be associated with improved treatment efficacy to PD-1 blockade. This may speak to 

the overall immunogenicity a patient may have for viral antigens or the breadth of virus-specific 

responses a host may be able to mount. These responses by SIV-infected rhesus macaques can be 

determined early during acute infection and a relationship to post-treatment interruption viral control 

could be determined in future studies. Other immunological factors that have shown to be associated with 

blockade efficacy in cancer patients are high eosinophil and lymphocyte blood counts, increased serum 

TGF- levels, and increased Th1 and CTLA-4 (but not FoxP3) gene expression levels prior to treatment 

(572).  

 

Recent studies have also described CD28 as the main target of SHP2 dephosphorylation stemming from 

PD-1 signaling (573, 574). Results indicate that cells responding to blockade in cancer patients were 

predominantly CD28-expressing cells making CD28 a potential biomarker of interest (573). Higher 

expression of CD28 as a marker of PD-1 blockade responsiveness is in line with the mechanisms of 

inhibition of PD-1 which prevents downstream signaling of CD28. Removing the inhibition on CD28 

signaling is important to regaining cellular activation but having an adequate expression level of CD28 to 

provide the co-stimulatory signaling would also be important to generating a response. The biomarkers 
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described here indicate that patients who already possess these and other effective pre-treatment immune 

responses are likely to benefit from most from blockade therapy in cancer and would be of considerable 

interest to determine if similar trends hold in chronic infection scenarios.  

 

Of interest is a recent study which showed the impact of host microbiota on the efficacy of PD-1 blockade 

during cancer treatment. Routy et al. described an abnormal gut microbiome composition, perturbed due 

to antibiotics in this instance, inhibited the benefits of PD-1 blockade therapy in patients with advanced 

cancer (557). In mice, the authors showed that use of antibiotics compromised blockade efficacy in a 

cancer mouse model as well as in cancer patients and that this was related to microbiota composition. In 

particular, the presence of the bacterial species Akkermansia muciniphila resulted in improvement in 

control of tumors in mice. This study has the potential for significant impact regarding concurrent 

treatments given to cancer patients and patients with chronic infections. The usage or not of a course of 

antibiotics during PD-1 immune checkpoint blockade treatment could be more easily managed relative to 

some of the other potential biomarkers discussed. As we further optimize the PD-1 blockade and ART 

combination regimen, these and related factors should be considered for monitoring as a method to 

characterize responders and non-responders prior to treatment. 

 

FUTURE COMBINATION PD-1 BLOCKADE AND ANTIRETROVIRAL THERAPY STUDIES 

Our results highlight the potential impact that PD-1 blockade has on disruption of the viral reservoir while 

under suppressive ART therapy. While detection of plasma viremia during this phase did not show 

significant differences between the PD-1 blockade treated and control groups, the results indicate the 

potential influence blockade may have had on reactivation of the latent reservoir. Lim et al. has recently 

shown that administration of TLR7 agonists induced transient viremia in SIV infected animals under 

suppressive ART and that the majority of these viral blips occurred within 24 to 72 hours of treatment 

administration (281). Due to limitations regarding sampling frequency and volume for the animals in our 

study, we were unable to test for viremia in our animals as frequently as the TLR7 study and thus sampled 
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for plasma viremia on a weekly basis. It is possible that PD-1 blockade may have led to viral reactivation 

to a degree that was detectable in the plasma in our animals, but we were unable to capture the relevant 

time points. Additionally, the kinetics of transient viral reactivation are likely to be short due to the fact 

that during ART treatment, cells cannot become newly infected. Thus, the relatively small pool of 

reservoir cells contributing to induced viremia is likely able to be controlled by anti-viral immune 

responses more rapidly than in a primary or acute infection period. It would be beneficial to be able to 

analyze these early times points during which viremia may occur as a method to detect reactivation of 

virus and potential reservoir disruption.  

 

The impact of PD-1 blockade has a differential impact on the tissues we assessed. This is highlighted by 

the changes observed for cytotoxic CD8+ T cells and CXCR5 expressing CD4+ T cells detected in the 

lymph node of treated animals which were not observed in the peripheral blood compartment. There are 

many components that contribute to the efficacy of blockade, but the location of where we interrogate 

these responses are also of importance. The lymphoid tissues, which include the gut-associated lymphoid 

tissue, maintain a different architecture, immune dynamic, and population of cell subsets (including PD-1 

high expressing Tfh cells) that has the potential to benefit from PD-1 blockade. While there are 

limitations on the number of lymph node biopsies rhesus macaque can undergo, the recently developed 

fine-needle aspirate method of sampling the lymph node environment would be highly informative 

regarding lymphoid tissue dynamics during PD-1 blockade.  

 

COMBINATION INHIBITORY RECEPTOR BLOCKADE  

The rationale behind the regimen utilized in our study was in line with other studies utilizing the “shock 

and kill” approach towards an HIV functional cure (271, 272). The shock attempts to reactivate the cells 

that comprise the latent viral reservoir and lead to expression of viral antigens thereby making the cell 

visible to the immune system for immune clearance. The kill component refers to various strategies to 

elicit improved T cell responses capable of detecting and eliminating virally infected cells. Our study 
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provides the groundwork that this approach using PD-1 blockade with ART is feasible and safe for use 

and provides a roadmap to achieving the results of a functional cure.  

 

There remains room for improvement in both of this aims however. Reactivation of virus during the 

suppressive ART phase (phase II of our study) was modest, though we only sampled for plasma viremia 

on a weekly basis, and control of reemerged viremia only occurred for some treated animals. It has been 

well documented that during HIV infection, there is upregulation of a variety of immune checkpoint 

markers beyond PD-1 including CTLA-4, TIGIT, TIM-3, and LAG-3 on T cells (205, 311, 312). In a 

study determining the efficacy of CTLA-4 blockade in SIV infection of macaques, treated animals had 

increased levels of HIV replication and T cell activation though did not result in improved virus-specific 

cellular responses (575). When CTLA-4 blockade was administered with ART, animals showed a 

decrease in the level of SIV RNA detected in their lymph nodes as well as some improvement in their 

anti-viral cellular responses (576). Together these studies indicate the potential for use of CTLA-4 with 

ART as a latency reversing agent in addition to a therapy that improves virus-specific responses. The use 

of CTLA-4 blockade via a monoclonal antibody (ipilimumab) is currently licensed for use in cancers. In 

the context of melanoma, combination PD-1 (nivolumab) and CTLA-4 blockade showed efficacy greater 

than either blockade alone though the use of the combination therapy also resulted in increased toxicity in 

patients (577). The use of PD-1 and CTLA-4 combination blockade during suppressive ART is of interest 

as these markers would allow for targeting and activation of different cell subsets that contribute to the 

reservoir (544). Providing data regarding safety due to concerns of enhanced autoimmunity after 

treatment will be of importance in further development of this approach.  

 

A new generation of coinhibitory receptor blockade therapies are undergoing development in the clinic. 

Beyond PD-1 and CTLA-4, these therapies target LAG-3, TIM-3, and TIGIT to reverse immune 

exhaustion during chronic pathologies such as cancers and potentially viral infections (578). Given the 

importance of CTLA-4 and PD-1 on maintaining self-tolerance as evidenced when the receptors are 
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genetically deleted or blocked in vivo, blockade of these receptors are predicted to be associated with a 

greater likelihood of autoimmune toxicity events (578). Blockade of coinhibitory receptors that are less 

involved with immune tolerance mechanisms such as LAG-3, TIM-3, and TIGIT, are predicted then to 

have a better clinical safety profile than PD-1 or CTLA-4 blockade. LAG-3 expression on T cells in blood 

and lymph nodes during HIV infection is associated with plasma viremia levels and inversely related to 

CD4+ T cell counts (579). HIV-specific high TIGIT expressing cells observed in HIV infected 

individuals co-expressed PD-1, were inversely correlated with polyfunctionality, and had diminished 

expression of the co-stimulatory receptor CD226 (580). Ex vivo blockade of TIGIT and PD-1 resulted in 

improvement of HIV-specific cellular functionality (312). While still in early development in the clinic, 

the potential use of these markers as targets of blockade therapy in HIV infected individuals on ART 

would be of interest as the concern for safety and reduction of severe adverse effects likely resulting from 

autoimmunity will be paramount.  

 

ENHANCED TARGETING OF VIRALLY INFECTED CELLS  

Strategies to improve the immune mediated clearance of HIV infected cells include enhancement of anti-

viral cellular responses to target and eliminate these cells by use of vaccinations. Traditionally, vaccines 

have been administered as a preventative measure against pathogens by inducing antigen-specific cellular 

and humoral responses. The same concepts are applied to the HIV functional cure strategy of “shock and 

kill” by aiming to approve the killing portion of the approach. Early studies that sought to enhance anti-

viral responses in patients through structured ART treatment interruptions. Patients would be interrupted 

from ART, allowed to have their virus reemerge and induce an HIV-specific response which researchers 

hypothesized would lead to better control of viremia and reduction in the reservoir in the absence of ART 

though this strategy proved unsuccessful (581, 582). More focused strategies to induce anti-viral 

responses through vaccinations have since been under development.  
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The use of a variety of vaccine modalities and adjuvants have been studied (272, 583, 584). Studies in the 

non-human primate SIV infection model include vaccinations with DNA, viral vectors such as MVA, and 

DC-based vaccine strategies in the presence or absence of ART (583, 585-587). These studies 

demonstrated improved cytokine production and cytotoxic functionality of T cells though only a modest 

effect on control of viremia after ART interruption. A recent clinical study performed to test safety and 

efficacy of administration of an adjuvanted DNA prime and vesicular stomatitis virus (VSV) boost in 

patients who started ART early in infection was observed to be safe and well tolerated though 

improvements in immune enhancement were modest and there were no changes observed regarding 

control of viremia after ART interruption (588). It would be of interest to test the combination of these 

therapeutic vaccinations with PD-1 blockade and ART therapy to aid in reversal of exhaustion of virus-

specific T cells already present and expand virus-specific cells.  

 

Innovations in immune therapy over the last decade has the potential to improve targeting of the latent 

viral reservoir for reactivation and elimination (584). Chimeric antigen receptor (CAR) T cells are T cells 

engineered to express an antigen receptor such as that of an antibody which is fused to a T cell activation 

signaling domain on its intracellular domain. The advantage of CAR T cells being that targeted epitopes 

are not MHC-restricted. Early CAR T cells utilized for HIV involved a CAR T cell with the CD4 

extracellular domain to allow for binding to HIV Envelope gp120 on infected cell surfaces and this was 

fused to the CD3 signaling domain. This however did not reduce the level of plasma viremia in infected 

individuals nor impact the viral reservoir (589, 590). Improvements in signaling capacities of CAR T cells 

have led to second generation CD4 CAR T cells with greater functionality observed in vitro and in a 

humanized mouse model compared to first generation constructs (591). Additionally, the discovery of 

more potent and broadly neutralizing antibodies to HIV as potential CAR candidates are underway (592). 

Further engineering of SIV-specific CAR T cells that co-express the CXCR5 receptor that have the 

potential to home to the sites where the viral reservoir is known to reside would be of immense interest to 
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use in combination with PD-1 blockade (593). Targeted elimination of the cells by improving their 

homing to relevant viral sites could have a major impact on reduction of the reservoir.  

 

Bispecific T cell engagers (BiTEs) have been studied in the context of cancer therapy. BiTEs have a 

tumor-specific variable fragment and a CD3-specific fragment joined by a linker allowing for redirection 

of effector T cells to eliminate cells expressing the tumor-associated antigen (584). Improvement of 

BiTEs led to dual-affinity re-targeting proteins (DARTs) which have improved storage and serum 

stability and enhanced potency as well (594, 595). HIV-specific BiTEs and DARTs contain a single-chain 

variable fragment (scFV) from an anti-CD3 antibody in combination with scFVs from the bNAbs B12, 

VRC01, 17b, or CD4 extracellular domains (596). Results from studies with HIV-specific BiTEs and 

DARTs substantiate their ability and potential clinical use in targeting of latently infected cells for 

elimination. Utilizing the innovations in therapeutic vaccines and enhanced targeting of latently infected 

cells in combination with PD-1 blockade which has been demonstrated to improve anti-viral responses 

has the potential for achieving the goals of a functional cure.  

 

COMBINATION PD-1 BLOCKADE AND MVA-B13R VACCINATION 

Of interest would be the combination of both of the strategies outlined in this dissertation: use of PD-1 

blockade therapy under ART in combination with a therapeutic vaccine that utilizes the MVA-B13R 

vector to elicit greater magnitude and durability of virus-specific responses. Using a heterologous 

prime/boost regimen for therapeutic vaccination with DNA as the priming agent and MVA-B13R as the 

boost has the potential for greater induction of HIV-specific responses. DNA priming to an MVA boost 

has been shown to be capable of inducing higher antigen-specific cellular responses. The timing of PD-1 

blockade administration during this phase would also be important. Blockade administered during 

effector phases of an immune response has the potential to greatly augment vaccine-induced responses 

even further. Determining the synergistic effect of the combination of MVA-B13R vaccination with PD-1 

blockade could lead to significant improvement in generating responses against the latent reservoir.  
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In summary, this dissertation has added to the field of vaccine development and HIV functional cure. We 

have developed an MVA vector expressing the anti-apoptotic gene B13R that improved vaccine-induced 

immune responses and contributes to the ongoing work of enhancing MVA immunogenicity for use in 

vaccinations for a wide range of conditions. Furthermore, we established a foundation for further 

development of the PD-1 blockade and ART treatment combination as a functional cure strategy against 

HIV by describing the safety and therapeutic potential of this novel regimen. We believe our findings will 

contribute to further optimization of both MVA vaccine vector development and functional cure 

approaches. 
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Figure 1. Summary of Conclusions for Development of MVA Expressing Anti-Apoptotic B13R Gene. 
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Figure 2. Summary of Conclusions for Combination PD-1 Blockade And Anti-retroviral Therapy. 
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