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Human immunodeficiency virus (HIV) induced AIDS causes a large number of infections and deaths worldwide every year, still no vaccines are available to prevent infection. Recombinant herpes simplex virus type 1 (HSV-1) vector-based vaccines coding the target proteins of other pathogens have been widely used for disease control. Here, a recombinant virus with HIV-1 gp160 gene integration into the internal reverse (IR) region-deleted HSV-1 vector (HSV-BAC), was obtained by bacterial artificial chromosome (BAC) technology, and its immunogenicity investigated in BALB/c mice. The result showed similar replication ability of the HSV-BAC-based recombinant virus and wild type. Furthermore, humoral and cellular immune response showed superiority of intraperitoneal (IP) administration, compared to intranasally (IN), subcutaneous (SC) and intramuscularly (IM), that evidenced by production of significant antibody and T cell responses. More importantly, in a prime-boost combination study murine model, the recombinant viruses prime followed by HIV-1 VLP boost induced stronger and broader immune responses than single virus or protein vaccination in a similar vaccination regimen. Antibody production was sufficient with huge potential for viral clearance, along with efficient T-cell activation, which were evaluated by the enzyme-linked immunosorbent assay (ELISA) and flow cytometry (FC). Overall, these findings expose the value of combining different vaccine vectors and modalities to improve immunogenicity and breadth against different HIV-1 antigens.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) induced immune deficiency syndrome (AIDS) is widespread across the world and continues to rise.1 Since its discovery in 1983, the number of infections and deaths has already exceeded a billion, and this number is still increasing despite extensive work for drugs and vaccines development (Larijani et al., 2019; Miall et al., 2022). Upon infection, HIV-1 employs multiple immune evasion strategies that allow for its replication (Desrosiers, 1999). In addition, high genetic variability and integration into the host cell genome further enhances immune escape (Woodman and Williamson, 2009; Altfeld and Gale Jr., 2015). Antiretroviral therapy (ART) is the most prevalent and effective method to control HIV infection, but it cannot fully clear the virus, requiring life-long therapy to a chronic stage of low viremia. Its subsequent toxic and side effects of lifelong medication has a significant impact in patients life quality (Barre-Sinoussi et al., 2013; Ayele et al., 2018). Therefore, vaccine-based prophylaxis has significant advantages in cost, period and curative effect over conventional therapy after infection. However, an effective vaccine to control and reduce HIV burden remains elusive (Calarota and Weiner, 2003; Spearman, 2003; Emini and Koff, 2004) because of high mutation and viral diversity and its consequent immune escape (Desrosiers, 2004). To date, traditional inactivated virus vaccines, subunit protein vaccines, viral vector vaccines and nucleic acid vaccines have been trialed at different clinical stages. Some have failed while other are still under clinical trials, but their safety or effectiveness remains unsatisfactory (Rerks-Ngarm et al., 2009; Cafaro et al., 2015; Graziani and Angel, 2016). Multiple viral-vector based vaccine have been tested in clinical trials, such as; canary poxvirus (Rerks-Ngarm et al., 2009), adenovirus (Colby et al., 2020), alphaviruses (Egan et al., 2004), lentivirus (Uhl et al., 2002), rhabdoviruses (Ramsburg et al., 2004), and herpes simplex virus (HSV) (Kaur et al., 2007); with promising results, inducing a strong immune responses in vivo, with high antibody titers against different HIV-1 epitopes (Rose et al., 2001; Haglund et al., 2002; Verrier et al., 2002).

HSV is a double-stranded DNA virus and can be divided into alpha, beta and gamma subtypes. HSV-1 and -2 are two of the three human alpha-HSV that create global infections, and cause gingivitis, reproductive system infections, neonatal infection, and many other diseases (James et al., 2020). The whole genome length of HSV is 152 kb and consists of a unique covalently linked long fragment (UL) and a short fragment (US). The terminal reverse repeats (TRL and TRS) are located at the ends of these two genes respectively, and the junction of the two segments is the internal reverse (IR) repeats of the gene, including IRL and IRS (Marconi et al., 2009). Of note, about half of the viral encoded proteins are involved in replication, while the rest are nonessential genes, allowing for the deletion of the IR and replacement/insertion of target genes without impacting infectivity of the recombinant virus (pathogenicity impaired) (Wang et al., 2001; Watanabe et al., 2007; Bloom et al., 2018). Moreover, HSV has broad cellular tropism, including dendritic cells (Kruse et al., 2000; Abendroth et al., 2001; Mikloska et al., 2001), which elicits strong and durable immune responses in various routes of administration (Kuklin et al., 1998; Brehm et al., 1999; Hocknell et al., 2002). Finally, HSV viral DNA persists inside the host’s cell nucleus in an episomal form, avoiding any concerns about safety and random integration into the host’s DNA. Finally, the viral genome can carry the thymidine kinase (TK) gene that can be combined with specific antiretroviral drugs to kill virus-carrying cells (Whitley et al., 1993; Spivack et al., 1995). So far, HSV vector-derived vaccines focused on HIV structural or core proteins tat (Nicoli et al., 2016), gp120 (Kanda et al., 2016), gag (Santos et al., 2007) and env (Duke et al., 2007). The Env precursor protein gp160 is cleaved into mature gp120 and gp41 by host enzymes to form virus particles, and is required for the assembly of viral surface structure of HIV particles, however, this target has not been properly assessed in a HSV vector system (Polpitiya Arachchige et al., 2018) neither its efficacy to elicit protective immune responses upon vaccination.

Human infection with HSV-1 is more common than HSV-2. HSV-1 infection usually causes limited disease symptoms in immunocompromised individuals, such as localized herpes, and infection can be effectively cured with ganciclovir or acyclovir (Woodman and Williamson, 2009; Graziani and Angel, 2016; James et al., 2020). The potential of HSV-1 as a gene therapy and vaccine vector has been long known. The modified vectors carry foreign genes that can persist stably for a long time in vivo and are expressed in large quantities upon replication, thereby inducing an effective immune response (Liu et al., 2009). The heterologous prime-boost approach using a recombinant viral vector carrying HIV genes followed by recombinant proteins showed a robust immune response, particularly cellular immune response (Excler and Kim, 2019). Subsequent boosting can be difficult due to vector-targeted neutralizing responses, but this can be overcome with a VLP protein boosts (Xiao et al., 2021). The main question is how this compares to a HIV VLP prime-boost strategy. Here, we evaluate the immune response to recombinant HSV-1 vector-based virus encoding HIV-1 gp160 in a mouse model. Briefly, the cellular and humoral immune responses were investigated among prime-boost strategies using the virus prime followed by HIV-1 virus-like particles (VLP) boost. The finding of these potential candidate HSV-1 vaccine vectors and the way of combined immunization with HIV-1 VLP will shed light for moving on to primate challenge studies.



Materials and methods


Cells, plasmids, virus and proteins

Vero cells were stored in our lab and grown in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Thermo Fisher Scientific; Waltham, MA, USA) at 37°C with 5% CO2. Drosophila S2 cells stably expressing HIV-1 VLP protein were constructed previously (Yang et al., 2012) and kindly provided by Dr. Paul Zhou (Institute Pasteur of Shanghai, China) and maintained in complete Express Five™ SFM medium (Thermo Fisher Scientific) at 28°C without CO2. The HSV-BAC plasmid containing full length HSV-1 17 strain (HSV-1 17; GenBank number: NC_001806.2) but lacking 15 kb of IR sequence (loss of one copy of the ICP34.5, LATs and three IE genes, ICP0, ICP4 and ICP22) in E.coli cells were kept in our lab.

The recombinant plasmid pcDNA3.1-gp160 carries the foreign genes from HIV-1. The plasmid pKO5-BN with cloning site containing the recombination arm upstream and downstream of IR, was selected as a shuttle plasmid vector for carrying the inserted gp160 and bring it to the same cell environment of HSV-BAC, to produce recombinant virus through BAC-induced homologous recombination. The MH1001 (mutant HSV 1001) is an engineered HSV-1 virus derived from HSV-BAC plasmid after transfection and screening from Vero cells. All plasmids were obtained from Dr. Paul Zhou.

Recombinant HSV-1 gD protein was purchased from Abcam (Cambridge, UK). While gp120 was obtained based on previous work (Hollister et al., 2014). A Readytoprocess WAVE 25 biological reaction system (GE Healthcare; Boston, USA) was used to grow Drosophila S2 cells for HIV-1 VLP protein production as previously described in our lab with some minor adjustments (Mao et al., 2016). Specifically, 1.2 × 107 S2 cells were seeded in a 2-liter bag with 300 mL SFM medium for 3 days culture. Subsequently, 500 mL fresh medium were added to continue culture (after 107 cells/ml was reached). Six days after the initial culture, another 200 ml fresh medium was added, supplemented with 5 μM CdCl2 to induce HIV-1 VLPs. Four days after induction, the culture supernatant was harvested by centrifugation at 12,000× g for 30 min at 4°C and Cd2+ chelated with 1 mM EDTA. Subsequently, supernatants were filtered through a 0.45 mm pore size filter (Millipore, Burlington, MA, USA) and transferred to the QuixStand Benchtop system (GE Healthcare) with molecular retention of 300,000 NMWC for volumetric concentration. The 200 mL concentrated eluate was diluted with 800 mL PBS (pH 7.2 ~ 7.4) buffer and concentrated again as described above. This process was repeated three more times, and the final 200 mL PBS eluate containing HIV-1 VLPs was further concentrated with an ultrafiltration concentrator tube of 50 kDa molecular cutoff by centrifugation at 4000 rpm at 4°C until to a final volume of approximately 10 mL. Finally, HIV-1 VLP purity was assessed by 10% SDS-PAGE, followed by total protein content estimation with Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.



Construction of recombinant HSV-1 viruses expressing HIV-1 gp160 gene

The gp160 gene was obtained through PCR with PrimeSTAR® GXL DNA Polymerase as amplification enzymes (Takara, Dalian, China), and using pcDNA3.1-gp160 as a template, according to the manufacturer’s instructions PCR products were then cloned into the downstream of pCMV vector, followed by construction of pKO5-BN-gp160, quality control checked by digestion and sequencing. The recombinant plasmids were electroporated into E.coli cells for homologous recombination as previously described (Horsburgh et al., 1999; Kuroda et al., 2006). Subsequently, recombinant DNAs were transfected into Vero cells with Lipofectamine® LTX & Plus Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions; and the virus was purified by three rounds of limiting dilution plaque assay. Finally, the recombinant HSV-1 viral DNAs were verified by Southern blot, and the expression of envelope proteins was detected by Western blot and Flow cytometry. The primer pairs used in the PCR are listed in Table 1.



TABLE 1 Primer pairs used to construct the recombinant virus in this study.
[image: Table1]



Ethics statement and animal experiments

Adult female BALB/c mice (6 ~ 8 weeks of age) were purchased from Animal Laboratory Center, Xinjiang Medical University (Urumqi, Xinjiang, China) and fed with sterile water and food ad libitum under a 12 h light/dark cycle condition. All animal experiments in this study were approved by the Committee on Ethical Use of Animals of Xinjiang University and the care of animals was conducted strictly according to the guidelines of Xinjiang University Institutional Committee. All efforts were made to minimize animal suffering. All mice were acclimated for 1 week before immunization. All blood samples from the immunized mice were collected through the inferior ocular sinus with 0.5 mm medical glass capillary (Heqi Glassware Co., Ltd., Shanghai, China), processed for serum and stored at −80°C until use.

To optimize the administration route for HSV-1-gp160 vaccine, 30 mice were randomly divided into five inoculation groups (n = 6): intranasally (IN), subcutaneous (SC), intramuscular (IM), and intraperitoneally (IP). Mock saline injection was used as negative control. All mice were immunized with 100 μL 1 × 107 pfu purified recombinant virus expect saline negative control. All animals were boosted with the same dose of viruses or the same volume of saline 28 days after priming immunization. After identifying the best immunization route, another 24 mice were randomly divided into four inoculation groups (n = 6) to set the best immunization combination; virus only (HSV-gp160 + HSV-gp160), virus+VLP (HSVgp160 + HIV-VLP), VLP only (HIV-VLP + HIV-VLP) and saline only (saline+saline), named as IP-2, IP-HV, VLP-2 and NC group, respectively. Mice were then immunized with 100 μL 1 × 107 of the virus, VLP mixture containing 50 μL protein (0.1 mg/mL) and 50 μL c-diGMP adjuvant (Sigma-Aldrich, St. Louis MO, USA), or control mixture with same volume of saline and adjuvant as VLP mixture, respectively. Animals were boosted 28 after priming immunization with the same dose and volume of virus, protein or saline.



DNA extraction and Southern blot analysis

Cells were collected by centrifugation at 3000 rpm at 4°C for 5 min and washed twice with ice-cold PBS buffer. DNA extraction was performed with DNAzol regent (Takara) according to the manufacturer’s instructions. DNA concentration and purity were determined using Epoch-BioTek Microplate Reader based on the OD260nm/OD280nm value (1.8 ~ 2.0). MH1001-infected cells and mock-infected cells were used as the negative and blank control, respectively.

Purified DNA was digested with EcoR I (Takara) at 37°C overnight, then separated with the 1% agarose gel and blotted onto nitrocellulose (NC, Millipore) membrane. Subsequently, the membrane was probed with DIG-labeled DNA probes for confirmation of gp160 gene into the viral genome using DIG DNA Labeling and detection Kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. Finally, the band signal was captured using the ChemiDoc MP Image System (Bio-Rad).



Evaluation of HIV-1 gp160 protein expression manner

To verify the total HIV-1 gp160 protein expression, Vero cells were seeded in 6-well plates at a concentration of 1 × 106/mL and allowed to adhere overnight. Cells were then infected with recombinant virus or with MH1001 (MOI = 0.5) as a negative control. Cells were then harvested at indicated time points post-infection and lysed with SDS-PAGE sample buffer (1×) (Beyotime Biotechnology, Beijing, China) containing 10% beta-mercaptoethanol (β-ME). The cell lysate was separated on 12% SDS-PAGE and proteins electrotransferred to polyvinylidene difluoride membranes (PVDF, Millipore), followed by blocking with TBST buffer (Beyotime Biotechnology) containing 5% nonfat powdered milk for 2 h at 37°C. The membranes were probed with the 1:2000 diluted anti-gp120 mouse monoclonal antibody (Sino Biological Inc., Beijing, China), or 1:5000 diluted anti-β-tubulin rabbit monoclonal antibody (Beyotime Biotechnology) as the primary antibody for 2 h at room temperature (RT), followed by incubation with 1: 5000 diluted HRP-conjugated goat anti-mouse antibodies or HRP-conjugated goat anti-rabbit antibodies (TransGen Biotech, Beijing, China) as the secondary antibody for 1 h at RT. Finally, colorimetric reaction of the band was performed using ECL Western blot Substrate (Solarbio, Beijing, China), and visualized with ChemiDoc MP Image System (Bio-Rad).

For further analysis of the gp160 protein in the cell surface, flow cytometry was performed as previously described (Li et al., 2016). Briefly, virus-infected cells (2 × 104) were harvested by centrifugation at 500× g for 5 min at 4°C and washed once with ice-cold PBS buffer. Cells were then resuspended and fixed with 100 μL 4% formaldehyde at RT for 15 min, the liquid was removed by centrifugation-washing recycle procedures twice, and cell pellets were resuspended and immunolabeled with 100 μL PBS diluted mouse anti-gp120 antibody (1:250 dilution; Jackson ImmunoResearch, West Grove, PA, USA) at RT for 1 h. Cells were washed again, and then stained with 100 μl PBS diluted FICT-conjugated goat anti-mouse antibody (H + L) (1: 800 dilution; Jackson ImmunoResearch) at RT for 30 min. Cells were washed again and resuspend in 300 μL of PBS. Finally, the samples were passed through a 300-mesh copper mesh and analyzed on a FACSCalibur (BD Biosciences, New Jersey, USA). Mock-treated and MH1001-infected cells were selected as blank and negative control, respectively, for flow gating. While double-click the stacked histogram in the Layout editor, and select the option in Y axis as % of Max in the Graph Definition window, resulting in the generation of a Y axis with relative number axis rather than the previous absolute cell count, so as to eliminate the differences caused by different cell numbers. All data analyses were conducted with the FlowJo platform (Tree Star, Inc., Ashland, OR, USA).



Intracellular staining and flow cytometry analysis

On day 56 after the first injection, immunized mice were euthanized with 1.5 g/kg barbiturates (Sigma-Aldrich) through IP injection, and splenocytes were prepared as previously described (Yang et al., 2012). For intracellular cytokine staining (ICS) assay, 2 × 106/mL splenocytes were seeded into a 24-well plate (Thermo Fisher Scientific) with complete 1,640 medium containing 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin, and stimulated with mixtures of peptides (2 μg/ml of each peptide), containing peptides derived from HIV-1 envelope protein, along with 5 μg of anti-mouse CD28 (Abcam) and anti-mouse CD49d (Abcam). Cells were incubated for 6 h and Golgi Plug (BD Biosciences) added during the final 4 h of incubation. Cells were stained with anti-mouse CD16/32 (Fc block) antibody (ProteinTech, Wuhan, China), followed by cell surface staining with PerCP-conjugated anti-CD4 and APC-conjugated anti-CD8 antibodies (Abcam). Subsequently, cells were fixed, permeabilized with cytofix cytoperm (BD Biosciences) and stained with FITC-conjugated anti-IFN-γ (Santa Cruz Biotechnology, California, USA). Finally, 1 × 106 cells per sample were analyzed on an LSR II flow cytometer (BD Biosciences) and the data subsequently analyzed using the FlowJo platform.



Enzyme-linked immunosorbent assay (ELISA)

To evaluate the total IgG, IgG1, IgG2a and IgG3 antibody responses against HIV-1 gp120 in immunized mice, 96-well ELISA plates were coated overnight at 4°C with 100 ng/well recombinant soluble HIV-1 gp120 protein, washed with PBST buffer (Beyotime Biotechnology) and blocked at 37°C for 2 h with PBST containing 5% nonfat powdered milk the next day. After washing, sera were diluted at defined dilution (1,103 or 1:105) and added to wells in triplicate; and incubated for 2 h at 37°C. Plates were washed and HRP Goat anti-mouse total IgG (TransGen Biotech) or IgG1, IgG2a, and IgG3a (Sigma-Aldrich) added, followed by incubation for 1 h at RT. After 3 washes with PBST, reactivity was detected with TMB substrate (Sigma-Aldrich) and color development measured by absorbance at 450 nm by an Epoch-BioTek Microplate Reader (Winusky, Vermont, USA). The endpoint antibody levels were determined as being the reciprocal of the highest dilution of serum that had thrice the absorbance value of the pre-immune sera at the same dilution.

Sera were tested for anti-HSV-1 IgG antibodies by ELISA as described above with HSV-1 gD protein, coated plates (200 ng per well).



Statistical analysis

All data are presented as the mean ± SD. The scatter diagram of antibody levels within each group was performed using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA, USA). Statistical significance was determined using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. The two-tailed p value <0.05 was considered statistically significant.




Results


Generation of HSV-1 recombinant virus expressing HIV-1 gp160 protein

As illustrated in Figure 1A, a 15 kb IR sequence within the full length of HSV-1, 17 DNA sequences including one copy of ICP34.5, LATs, ICP0, ICP4 and ICP22 were deleted on the vector backbone or control virus (HSV-BAC or MH1001). The HIV-1 gp160 gene was inserted here by homologous recombination between HSV-BAC and shuttle plasmid carrying gp160 (pKO5-BN-gp160) (Figure 1B), to produce the recombinant virus (Figure 1C) according to the corresponding diagram (Figure 1D). Infected cell DNAs were analyzed by Southern blot to confirm the HIV-1 gene insertion into the HSV genome. The 8.9 kb fragment hybridized to a probe prepared from the HSV-1 gene and showed detectable hybridization to both HSV-gp160 virus clones MH1008 and MH1009 (Figure 2A). Evaluation of gp160 protein expression in the HSV-gp160 infected cells showed target bands with expected size, which increased up to 48 h after infection, indicating the continuous release of HIV-1 protein. The total protein level of MH1008 clone was much higher than MH1009 clone (Figure 2C), but both kept stable expression though screening process. Moreover, the cell surface expression level of gp160 protein between these two virus clones showed differences consistent with total protein (Figure 2B), thus MH1008 was selected as the candidate recombinant virus for all subsequent experiments.

[image: Figure 1]

FIGURE 1
 Genomic structures of HSV-1 recombinant vectors and recombinant virus constructs. (A) Schematic diagram of the wild-type HSV-1 genome. The HSV-1 genome consists of unique long (UL) and short (US) regions flanked by inverted repeat (IR) sequences. a, a′ = terminal repeats; b, b′ = L component inverted repeats; c, c′ = S component inverted repeats. In the HSV-1 recombinant vector, a 15-kilobase (kb) fragment, including one copy of latency-associated transcripts (LATs), ICP0I, CP34.5, ICP4, was deleted to generate HSV-BAC. (B) Schematic diagram of composition of pKO5-BN-gp160. The recombinant shuttle plasmid vector was obtained after insertion of gp160 sequences into the cloning site through recombination of the upstream and downstream (N) arm within IR of pKO5. Then the recombinant HSV-1 virus (C) with gp160 gene was acquired by BAC triggered homologous recombination between pKO5-BN-gp160 and HSV-BAC, as shown on the flowchart (D). CMV, promoter/enhancer sequences of the CMV IE gene; PA, polyadenylation signal.


[image: Figure 2]

FIGURE 2
 Identification and characterization of recombinant virus. (A) Identification of recombinant virus by Southern blot. DNA was isolated from Vero cells infected with MH1001 or recombinant virus clones (MH1008 and MH1009), followed by single enzymatic digestion. DNA hybridization was performed by Southern blot for detection of gp160 gene in the HSV-1 genome. Mock-infected cells served as control. (B) Flow cytometry analysis of gp160 protein surface expression in recombinant virus-infected cells 48 h inoculation. (C) Time course of HIV-1 antigen expression in virus-infected cells. Vero cells were infected with viruses (MH1001, MH1008 or MH1009), and harvested at indicated timepoints for analysis of total gp160 protein expression levels by Western blot.




T cell responses elicited by different administration routes

To distinguish whether different administration routes could elicit HIV-1 envelope-specific T cell responses in vitro, splenocytes from IM, IP, IN, SC and control mice were assessed against the envelope peptide mixtures for intracellular IFN-γ cytokine staining. CD4 and CD8 T cells of IP, IN, and SC groups all exhibited significantly higher peptide-specific responses against the envelope than the control mice (Figure 3, p < 0.01). Moreover, the three groups including IP, IN, and SC groups exhibited significantly higher peptide-specific CD4 and CD8 T cell responses against envelop than the IM group (p < 0.05). On average, the data showed that when compared to control and IM group mice, the other three groups exhibited statistically significantly better peptide-specific responses, without significant difference between them (p > 0.05).

[image: Figure 3]

FIGURE 3
 HIV-1 envelope-specific CD4 and CD8 T cell responses elicited with different administration routes. 56 days after the first injection, mice from different vaccination groups (IM, IP, IN, SC and NC group) were humanly euthanized and spleens collected. T cell responses against HIV-1 envelop-specific peptides were analyzed by flow cytometry. The percentages of activated CD4+ (A) and CD8+ (B) T cells that produce IFN-γ were detected by intracellular cytokine staining. **p < 0 0.001.




B cell responses indued by different administration routes

To further evaluate specific serum antibody levels, ELISA was performed with gp120 and HSV-1 gD protein, respectively. As shown in Figure 4A, all four immunized groups exhibited high levels of HSV-specific and HIV-specific gp120 total IgG antibodies. In addition, serum IgG1 and IgG2a responses specific to gp120 were measured by isotype-specific ELISA (Figure 4B), the IgG1 response was strongest in the IP-2 group followed by IM-2, SC-2 and IN-2 groups, but there is no significant difference among all groups (p > 0.05). The IgG2a response was also strongest in the IP-2 group followed by IM-2, SC-2 and IN-2 groups. We also calculated the ratio of serum IgG1:IgG2a to assess the Th1/Th2 balance. The ratio for the IP-2 group was 1.11 and the ratios for IM-2, SC-2 and IN-2 were 0.89, 0.80 and 0.87 respectively, suggesting mixed Th1/Th2 responses, especially the IP-2 group. In addition, the IP-2 group also showed significantly higher IgG3 antibody levels (p < 0.05). Therefore, IP injection is the best administration route for the recombinant virus in subsequent experiments.

[image: Figure 4]

FIGURE 4
 Antibody responses to different administration routes. Serum samples were collected from mice following different immunization routes 56 days after the first injection, and antigen specific humoral immune responses measured by ELISA. Pre-immune sera of each mouse were used as negative control. Serum dilution is 1:105 for HSV-1 gD, and 1:103 for all other antigens. (A) Total IgG responses specifically against gp120 and HSV-1 gD. (B) IgG subtype antibodies against gp120, including IgG1, IgG2a, and IgG3. Mock-infected mouse served as the negative control (NC). *p < 0.05, **p < 0.001.




T responses elicited by different antigens and vaccine regimens

To test which antigen combination could trigger the strongest immunization responses, splenocytes from IP-2, IP-HV, VLP-2 prime-boost and control mice were tested against envelope peptide mixtures by intracellular IFN-γ cytokine staining (Figure 5). T cells from IP-HV prime-boost mice exhibited statistically significantly higher peptide-specific CD4 and CD8 T cells responses against envelope peptides (p < 0.05), which were better than VLP-2 and IP-2 mice. In addition, T cells from VLP-2 prime-boost mice showed the worst IFN-γ stimulating, comparable to the negative control. Interestingly, the prime-boost platform-based immunization strategy of a single antigen component (IP-2 and VLP-2) is inferior to the mixed antigen (IP-HV).

[image: Figure 5]

FIGURE 5
 HIV-1 envelope-specific CD4 and CD8 T cell responses elicited by different immunization regimens. 56 days after the first injection, mice in different vaccination groups (VLP-2, IP-2, IP-HV and NC group) were humanly euthanized and spleens collected, T cell responses against HIV-1 envelop-specific peptides were analyzed by flow cytometry. The percentages of activated CD4+ (A) and CD8+ (B) T cells that produce IFN-γ were detected by intracellular cytokine staining. Mock-infected mouse served as the negative control (NC). *p < 0.05, **p < 0.001.




B responses induced by different antigens and administration manners

Since the IP-HV administration regimen showed superiority over other immunization groups in T cells stimulation, we next assessed the humoral immune responses. ELISA assay indicated that mice in the VLP-2 group exhibited the highest levels of HSV-specific total IgG antibodies, but mice in the IP-2 group showed the best performance when evaluating the HIV-1-gD specific total IgG antibodies (Figure 6A), and the induction of IgG, IgG2a and IgG3 were also best among these immunized groups (Figure 6B). However, except for IgG3, the antibody levels of mice in the IP-HV group were comparable to those in the VLP-2 group (p > 0.05), especially the IgG1 antibody. Furthermore, the ratio of serum IgG1:IgG2a from the IP-HV group (1.48) was significant lower (p < 0.05) than VLP-2 group (0.89), indicating that the IP-HV group mice developed a stronger TH1-type immune response, which is essential for virus clearance (Aleebrahim-Dehkordi et al., 2022).

[image: Figure 6]

FIGURE 6
 Antibody responses elicited by different immunization regimens. The serum samples were collected from mice following different immunization regimens 56 days after the first injection and antigen specific humoral immune responses measured by ELISA. Pre-immune sera of each mouse were used as negative control. Serum dilution is 1:105 for HSV-1 gD, and 1:103 for all other antigens. (A) Total IgG responses specifically against gp120 (a) and HSV-1 gD. (B) IgG subtype antibodies against gp120, including IgG1, IgG2a, and IgG3. Mock-infected mouse servs as the negative control (NC). *p < 0.05, **p < 0.001.





Discussion

The HSV-1-based vaccine is an important vector backbone for HIV-1 study (Duke et al., 2007; Nicoli et al., 2016; Polpitiya Arachchige et al., 2018). Previously we have constructed a recombinant HSV-1 virus MH1001. The virulence of MH1001 is substantially weakened by deletions of the IR sequences, resulting in inhibition of expression of specific genes, without impacting replication. Meanwhile, it is reported that the deletion of 15 kb IR of NV1020 viruses was replicated efficiently in transformed cells (Wong et al., 2001). A potentially important benefit of the MH1001 attenuation strategy is the retention of one intact 34.5 gene copy, which may broaden its efficacy and applicability in the development of vaccines (Geevarghese et al., 2010). Additionally, the safety evaluation of MH1001 did not show any signs of toxicity in mice, and all remained healthy up to the final immunization protocol (unpublished data). Therefore, recombinant virus derived from MH1001 or similar attenuated virus vector may provide lifelong latency for continuous HIV antigen delivery and immune (Marconi et al., 2009; Bloom et al., 2018). Interestingly, our work shows that HIV-1 antigen gp160 carried by the recombinant HSV-1 virus vaccine here has the characteristics of continuous and large expression, which is just located outside the cell membrane, laying the foundation for antigen presentation and vaccine function (Neukirch et al., 2020). The recombinant HSV-1 virus with HIV gp160 showed the expected immune response in mice, especially after the optimized immunization route of IP and in combination with VLPs.

In the search for an effective vaccine for HIV, many methods are being considered. The virus-derived vaccines employ a wide variety of vector systems (Egan et al., 2004; Ramsburg et al., 2004; Colby et al., 2020). Among them, the ability of herpesviruses to persist and induce durable immune responses in their infected hosts makes them an attractive viral vector (Isshiki et al., 2014); and most of vaccine evaluations are carried out non-human primates due to the limitations of HIV infected species. Primate showed promising cellular and humoral immune responses after administration of recombinant HSV-1 vectors that express key viral antigens, which were sufficient to drive viral clearance (Murphy et al., 2000). However, the evaluation of vaccine effectiveness is also conducted in murine model due to the advantages of cost-saving, operability and comparable immune response with primates (Duke et al., 2007; Kanda et al., 2016; Polpitiya Arachchige et al., 2018). Notably, heterologous DNA-VLP prime-boost enhanced immunogenicity and elicited a superior neutralizing antibody response (Ding et al., 2011; Yang et al., 2012). Moreover, vaccination-induced protection is also closely related to age, sex and genetic differences. Administration routes are one of many factors often assessed to optimize vaccine delivery (Zimmermann and Curtis, 2019). Here, mice immunized by IM, IP, IN and SC routes with recombinant viruses exhibited HIV-1 specific response, but the IP route exhibited higher cellular and humoral immune responses when compared with the other groups. Therefore, in this study the immunogenicity of recombinant viruses was evaluated in the heterologous HSV-VLP prime boost though IP administration. Specifically, the proportion of IFN-γ positive CD4+ and CD8+ T cells averaged 0.11% following HSV-VLP prime-boost i.p. immunization (IP-HV), while the average proportion of VLP-2 mice was 0.02% and much lower than those expressed by HSV-1 vectors (IP-HV and IP-2), as expected (Parker et al., 2007). The humoral immune response detected in our studies mainly involved IgG1 and IgG2a subclasses induced by HSV-1. Thus, the HSV-1 vector appears to elicit a mixed Th1/Th2 response, and VLP boosting promotes Th1. The lower IgG3 and neutralizing antibody responses for HSV-1 viruses could be due to the virus-based vectors and the interference of anti-vector antibodies (Cooney et al., 1991; Kostense et al., 2004).

Many vector systems are being developed for use in vaccine design (Bloom et al., 2018; Excler and Kim, 2019), but prior immunity to each vector may potentially interfere with initial vaccine responses and/or booster doses required to maintain host immunity. The pre-existing immunity of HSV vectors has been investigated in mice, with conflicting results. It has been reported that HSV recombinants elicit antigen-specific immune response despite pre-existing immunity against viral antigens in the host (Pushko et al., 1997; Kuklin et al., 1998; Brockman and Knipe, 2002). However, studies in mice show anti-HSV-1 antibodies significant declined humoral and cell-associated immune responses after vaccination of manually modified HSV vaccine when compared with HSV-1 immunized naïve mice (Lauterbach et al., 2005). Mice receiving second immunization with HSV-1 viruses were affected by the prior HSV-1 immunity, resulting in attenuated cellular response when compared to the single injection group. These results are consistent with previous studies (Desrosiers, 2004). Interestingly, prime-boost strategy with heterotypic antigen (IP-HIV) greatly improved the immune response surpassing the single use of recombinant virus vector or protein in this study. The combination of heterologous immunogens shows superiority in all detection indexes of immune response including CD4+ and CD8+ T-cells and IgG antibodies.

Collectively, recombinant HSV-1 viruses can induce specific immune responses against HIV-1 in immunized animals, and IP vaccination demonstrates preferential immune induction. Additionally, the combined immunization of the virus and VLP outperforms the humoral and cellular immune response raised against a single immune virus or VLP in the prime-boost platform. Of note, the mixed immunization mode of different immunogens offset the immunosuppressive effect caused by single antigen immunization. Thus, combinatory DNA-protein vaccination regimens are a promising alternative for HIV prevention and should be considered for all vaccine candidates.



Conclusion

HSV-1-based virus vector is widely used in the vaccine development carrying HIV genes that provide immune protection to immunized individuals. Here, expression of the target gene gp160 of HIV-1 in the HSV-1 system effectively elicited a comprehensive immune response. It is worth noting that prime-boost with two different immunogens (virus and protein) was much better than each one individually, especially in stimulation of T cell immune response.
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