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To cope with the decline in COVID-19 vaccine-induced immunity caused by emerging SARS-CoV-2 variants, a heterologous immunization regimen using chimpanzee adenovirus vectored vaccine expressing SARS-CoV-2 spike (ChAd-S) and an inactivated vaccine (IV) was tested in mice and non-human primates (NHPs). Heterologous regimen successfully enhanced or at least maintained antibody and T cell responses and effectively protected against SARS-CoV-2 variants in mice and NHPs. An additional heterologous booster in mice further improved and prolonged the spike-specific antibody response and conferred effective neutralizing activity against the Omicron variant. Interestingly, priming with ChAd-S and boosting with IV reduced the lung injury risk caused by T cell over activation in NHPs compared to homologous ChAd-S regimen, meanwhile maintained the flexibility of antibody regulation system to react to virus invasion by upregulating or preserving antibody levels. This study demonstrated the satisfactory compatibility of ChAd-S and IV in prime-boost vaccination in animal models.
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Introduction

In response to the COVID epidemic sweeping the world, a variety of vaccines including mRNA vaccines, inactivated vaccines, adenovirus vectored vaccines, and recombinant protein subunit vaccines have reported satisfactory protection efficacy (>50%) against prototype SARS-CoV-2 and have been approved for marketing in the shortest time possible (1, 2). As of February 21, 2022, over 10 billion doses of various COVID-19 vaccines had been administered according to World Health Organization (WHO) statistics (3). Nonetheless, it’s rationale to further investigate boosting strategies to improve population immunity due to the natural decline in antibody levels after vaccination (4–6) and the decreased antibody neutralization activity caused by the prevalence of variant strains (6–10). Therefore, research on heterologous prime-boost vaccination using different vaccine technology platforms has attracted significant international interest.

Heterologous prime-boost regimens (11, 12) have been tested in many studies for developing vaccines against AIDS and influenza (13, 14) and proved to be more effective than homologous prime-boost regimens containing the same vaccine formulations. Heterologous prime-boost immunization includes various strategies. Different strain expression vectors of the same species were used in the immunization procedure to reduce the anti-vector immune response. The approved adenovirus vectored vaccine Sputnic V is a heterologous combined vaccine of rAd26 and rAd5 and exhibits superiority compared to single rAd26 or rAd5 vaccines in phase 1/2 clinical trial (15). In a more complicated situation, a heterologous booster vaccine could have completely different formulations or different expression and presentation systems. Vaccine platforms, such as viral vectored vaccines and DNA vaccines, are characterized by a robust T cell response benefiting from increased MHC-I presentation. However, exogenous antigens, such as inactivated vaccine and recombinant protein subunits, induce a dominant antibody response if adjuvanted by the classic aluminum adjuvant. The novel mRNA vaccines seem to be effective for the aforementioned immune arms, according to currently reported data (16, 17). Prime-boost regimens with endogenous and exogenous vaccines might elicit immune responses in multiple arms, including cellular and humoral responses. Therefore, endogenous and exogenous vaccines are often combined to strengthen and broaden the immune potency of preventive vaccines (18–20).

Our previous work on COVID-19 vaccination strategies illustrated the superiority of the heterologous prime-boost regimen with Ad5 vectored vaccine and inactivated or protein subunit vaccine in inducing protective immune responses in mice (21, 22), which has been further confirmed in a phase 4 clinical trial (23). The chimpanzee adenovirus vector is currently one of the most studied adenovirus vectors in COVID-19 vaccine research and development (1), among which ChAdOx1-nCoV had been approved in WHO emergency use list and administered to a large population, together with two mRNA vaccines and three inactivated vaccines (24). Clinical trials have reported that heterologous prime-boost immunization with ChAdOx1-nCoV and the mRNA vaccine BNT162b2 could achieve quite high level of neutralizing antibody and Th1 biased T cell responses (25–27). Currently, it is necessary to explore the compatibility and immune effects of chimpanzee adenovirus vectored vaccines and inactivated vaccines to support the formulation of global heterologous prime-boost immunization policies. In this study, we evaluated the immunogenicity and protective effect of the heterologous prime-boost regimen with a chimpanzee adenovirus vectored vaccine ChAd-S and an inactivated vaccine IV in mouse and rhesus macaque models and provided supporting data on the compatibility of the two types of vaccines.



Materials and methods


Animals and vaccines

The specific pathogen-free female BALB/c mice (6–8-week-old) used in the study were provided by and maintained at the Chinese National Institutes of Food and Drug Control. Female Chinese rhesus macaques (2–3-year-old) were provided by and housed at the Kunming National High-level Biosafety Primate Research Center, China. All experiments with live SARS-CoV-2 in NHPs were performed at the ABSL-4 facility. Inactivated vaccine IV used in this study was an inactivated ancestral SARS-CoV-2 strain isolated at the beginning of 2020. The ChAd-S vaccine was a non-replicable ChAd vectored vaccine expressing full length of spike protein targeting ancestral SARS-CoV-2. The dosage was 1×1010 vp for ChAd-S and 1μg for IV in mice; 0.5×1011 vp for ChAd-S and 5μg for IV in NHP.



Enzyme-linked immunosorbent assay

The levels of serum antibodies directed against the SARS-CoV-2 spike protein were assessed using ELISA, as we previously described (21). Ninety six-well EIA/RIA plates were coated overnight with 1 µg/mL recombinant S protein at 4°C. After removal of the unbound spike protein and blocking of the plate with 10% fetal bovine serum in 0.5% PBST, 10-fold serially diluted test samples were added to the wells. The bound antibodies were subsequently detected after incubation with 1:5000 diluted goat anti-mouse IgG (HRP-labeled) (China ZSGB-BIO, cat#ZB2305), followed by development with substrate (China Beijing Wantai BioPharm, cat#N20200722) at 450 and 630 nm. The endpoint of serum antibody titers was determined by the reciprocal of the highest dilution, which was 2.1-fold higher than the optical absorbance of the negative control.



Serum neutralization assay

The levels of serum NAbs against SARS-CoV-2 were measured using live and pseudo-SARS-CoV-2 viruses, and the results were expressed as GMTs. NAbs against live SARS-CoV-2 (Prototype, Alpha, Beta, Delta, Omicron variants isolated in China) were quantified using a microcytopathogenic effect assay at a minimum 8-fold dilution. The neutralization capacity against a pseudovirus (Wuhan-Hu-1, GenBank: MN908947, optimized for human cell expression) was determined as previously described (28).



IFN-γ ELISpot assay

The IFN-γ ELISPot assay was conducted as previously described. Freshly isolated splenocytes were stimulated with a pool of peptides spanning the SARS-CoV-2 S protein for 20 h at a density of 2×105 cells per well. The concentration of each peptide was 5 μg/ml. The peptide pool was generated as follows: a panel of consecutive 15-mer peptides with nine overlapping amino acids was synthesized to encompass the entire S protein and mixed as one peptide pool. After stimulation, the plates were incubated with IFN-γ-detecting antibodies. Spots representing IFN-γ-producing cells were counted using an ImmunoSpot S6 Universal Reader (CTL). The final determinations were calculated by subtracting the negative stimulation background levels from the measured values.



Quantification of tissue viral load

The pulmonary live virus represent in mouse was tested using a focus reduction neutralization test by the State Key Laboratory of Respiratory Disease in Guangdong (29). At the dedicated times shown in Figure 2A, specimens of swab, trachea, bronchus, lung LN, BALFs, and six lung lobes were collected for viral RNA detection. Tissues were weighed, homogenized, and clarified by centrifugation at 8,000 rpm for 10 min at 4°C, and the supernatants were obtained. Viral RNA was extracted using a magnetic viral nucleic acid kit (TIANGEN, China), according to the manufacturer’s protocol. The viral gRNA in each sample was quantified using reverse transcription PCR (RT-PCR) targeting the ORF1ab and N genes of SARS-CoV-2. For sgRNA quantification, RT-PCR was performed targeting the sequence overlapping the ORF1ab and E genes of SARS-CoV-2. The LLOD of viral RNA was set at 1 copy/μl because of the detection limits of this assay. The LLOD was transformed to 2500 copies/g for the lung and 500 copies/ml for BALF and swabs according to the volume of the RNA extraction reagent.



Histopathology

Lung pathology was evaluated using hematoxylin and eosin (H&E) staining, as previously described (30). Five-micron-thick formalin-fixed paraffin-embedded (FFPE) sections were prepared and stained. The slides were evaluated by a pathologist in a double-blinded manner. To prepare ultrastructural sections, tissues were embedded in epoxy resin and cut into 60–70 nm sections. Pathological scores were calculated as described by Liu et al. (31).



Multiple cytokine profiling

Lung lobes and bronchoalveolar lavages were collected at day 7 post-challenge. Lung lobe specimens were weighed, and the supernatants of the homogenates were prepared for detection. Pro-inflammatory cytokines, including IL-1β, IL-6, TNF-α, IFN-γ, IL-8, G-CSF, GM-CSF, MCP-1, MIP-1β, and MIP-1β, in all supernatants and BALFs were measured using the MILLIPLEX MAP Non-Human Primate Cytokine Magnetic Bead Panel - Immunology Multiplex Assay. The concentration of each sample was calculated using a standard curve.



Statistical analysis

Antibody titers were transformed into log10 values to calculate the GMTs. All statistical analyses were performed using GraphPad Prism v.7.0 (GraphPad Software, Inc.). Comparisons between two groups were performed using two-tailed t-tests, whereas those among multiple groups were performed using one-way analysis of variance (ANOVA). A P value of < 0.05 was considered statistically significant.




Results


Immune responses and protective efficacy induced by heterologous and homologous immunization with ChAd-S and IV in mice

To evaluate the immunogenicity of ChAd-S and IV, and to optimize the immunization strategy with the two vaccines, BALB/c mice were randomly divided into four groups with 16 mice per group and vaccinated on days 0 and 28 with two doses of ChAd-S (2×ChAd-S), two doses of IV (2×IV), one dose of ChAd-S and boosted with IV (ChAd-S >IV), one dose of IV and boosted with ChAd-S (IV> ChAd-S), respectively (Figure 1A). The dosage was 1×1010 vp for ChAd-S and 1μg for IV. On day 42, 10 mice from each group were sacrificed for spike-specific IgG and T-cell response measurements. For the T cell response test, splenocytes were stimulated by a pool of peptides spanning the full-length spike, and an enzyme-linked immunospot (ELISPot) assay was conducted to quantify INF-γ-secreting cells. The 2×ChAd-S, ChAd-S>IV, and IV>ChAd-S groups showed robust and comparable T-cell responses, with average spot-forming units (SFUs) of 67.9, 63.9, and 64.2, respectively. Two doses of IV failed to elicit spike-specific T-cell responses (Figure 1B). For the spike-specific IgG titer, the 2×IV group had a geometric mean titer (GMT) of 30530, which was slightly higher than that of the 2×ChAd-S group (GMT=11757). The IV>ChAd-S and ChAd-S>IV groups showed a further increased level of binding IgG titer (by 5.12-fold and 1.48-fold) compared with that of the 2×IV group. Specifically, the GMT in group IV>ChAd-S was 156469, which was 3.46-fold higher than that in the ChAd-S>IV group (Figure 1C).




Figure 1 | Immune responses and protective effect induced by homologous or heterologous prime-boost with ChAd-S and IV in mice (A). Schematic representation of experimental protocol. Mice in 4 groups were immunized with different vaccines: 2×ChAd-S, 2×IV, ChAd-S>IV, IV>ChAd-S. Unvac group were injected with PBS. N=16 per group. (B) Splenocytes on day 42 were stimulated with spike peptide pool, and the IFN-γ secreting cells were quantified by ELISPot assay and expressed as spot forming units (SFU). N=10 per group. (C) Serum spike specific IgG titers were measured by ELISA on day 42. N=10 per group. (D) Serum NAb titers measured by live SARS-CoV-2 virus were expressed as 50% inhibitory dilution (EC50) of serum. N=6 per group. (E). Lung viruses were quantified by a focus reduction neutralization test and expressed as FFU/g. N=6 per group, one spot represents one animal. One-way ANOVA was performed for (B–E) Bars represent the geomean ± geometric SD for c and d, mean± SD for (B, E) ns: p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



To evaluate the protective efficacy of the four vaccination regimens in mice, the remaining six immunized mice from each group were treated with 2×1011 genome copies of adeno-associated virus expressing hACE2 on day 46 to construct a temporary hACE2-transgenic mouse model and then subjected to a challenge experiment on day 56 (Figure 1A). Neutralizing antibody (NAb) titers have been reported to be an important correlate of COVID-19 vaccine-induced protection (CoP) (32, 33). Thus, the level of serum cross-reactive NAb titers for each group was measured before the challenge on day 52. The results showed that the NAb GMTs of group 2×IV were 1396, 528, 366, and 373 for the prototype, Alpha, Beta, and Delta strains, respectively, which were slightly higher than those of the 2×ChAd-S group with NAb GMTs of 634, 400, 196, and 220. The ChAd-S>IV and IV>ChAd-S regimens further improved the NAb titers compared with those of single ChAd-S or IV regimen. Specifically, ChAd-S>IV showed higher NAb GMT than the IV>ChAd-S group and elevated NAb titers by 4.11- (p=0.0091), 4.19- (p=0.0089), 3.39- (p=0.0676), and 2.82-fold (p=0.1125) for the prototype, Alpha, Beta, and Delta strains compared with those of the 2×ChAd-S regimen, and 1.87- (p=0.4075), 3.17- (p=0.0404), 1.81- (p=0.5771), and 1.67-fold (p=0.6519) higher than those of the 2×IV regimen (Figure 1D). These data indicate that the heterologous prime-boost strategy can effectively improve antigen-specific cellular and humoral responses.

On day 56, mice were subjected to intranasal challenge with the prototype, Beta (B.1.351), and Delta (B.1.617.2) SARS-CoV-2 strains using 5×104 focus forming units (FFU) (Figure 1A). For the prototype and Beta challenge, lung samples were collected at days 1 and 3 post-infection (dpi). For the Delta challenge, the lung samples were collected at 1 dpi. Lungs were subjected to viral titer quantification using the focus reduction neutralization test (FRNT). Lung viruses were undetectable in the ChAd-S>IV and IV>ChAd-S groups at days 1 and 3 after challenge with any of the three VOCs. For the homologous vaccine regimens, the 2×ChAd-S regimen group showed 3066 FFU/g virus after the prototype strain challenge and 6465 FFU/g virus for the Beta strain challenge at 1 dpi, while the 2×IV group showed 2138 FFU/g virus in the lung for the post-strain challenge. These data demonstrated that heterologous prime-boost with ChAd-S and IV enhanced the protective immune response and protection against diverse SARS-CoV-2 variants in mice. Among these, regimen priming with ChAd-S and boosting with IV was prioritized.



Immune responses induced by the heterologous regimen in rhesus macaques

Since heterologous immunization with ChAd-S plus IV effectively improved humoral immune responses compared with those of the homologous vaccination group, and induced equivalent spike-specific T cell responses in the single ChAd-S group in mice, we next tested the ChAd-S >IV and 2×ChAd-S regimens in young rhesus macaques. Ten female NHPs aged 2-3 years old were randomly divided into three groups: three in the unvaccinated control group, four in the 2×ChAd-S group, and three in the ChAd-S >IV group. The unvaccinated control group was shared with another study conducted by our group (34). For macaque experiments, all NHPs were administered 0.5×1011 vp for ChAd-S and 5μg for IV. For the 2×ChAd-S group, NHPs were immunized intramuscularly with two doses of ChAd-S at an interval of 21 days. For the ChAd-S>IV group, NHPs were immunized with one human dose of ChAd-S followed by one dose of IV on day 21 post-priming. Serum samples were collected every seven days for antibody detection, and peripheral blood mononuclear cells (PBMCs) were isolated for spike-specific T cell quantification using an interferon-γ (IFN-γ) ELISPot assay (Figure 2A). In our study, serum spike-specific IgG and pseudovirus neutralizing antibody in all vaccinated macaques converted positive 14 days after ChAd-S priming, with a GMT of 26397 for binding antibodies and 183 for pseudovirus neutralizing antibodies. The antibody GMTs of the 2×ChAd-S and ChAd-S>IV groups both increased after the second dose and peaked at day 35 with GMTs of 13133 and 343351 for binding antibodies, and 887 and 743 for pseudovirus neutralizing antibodies, respectively (Figures 2B, C). No significant differences in the binding and pseudovirus antibody titers were detected between the 2×ChAd-S and ChAd-S>IV groups.




Figure 2 | Immune responses induced by homologous ChAd-S or heterologous ChAd-S plus IV in NHPs (A). Schematic representation of the experimental protocol. Female rhesus macaques were immunized with 2 doses of ChAd-S (2×ChAd-S, n = 4), or prime with ChAd-S and boost with IV (ChAd-S>IV, n = 3). “Unvac” was unvaccinated group and set as the blank control. For all NHPs, blood was collected before immunization and every 7 days post priming. On day 52, NHPs were challenged with Beta variant (B.1.351). Nasal swabs and throat swabs were collected at dedicated time point as shown, and all NHPs were sacrificed on day 7 post challenge for trachea, bronchus, lung, and BAL. (B–D) Humoral immune responses, including the dynamic titer of sera spike protein-specific IgG (B), dynamic NAb titer measured by pseudovirus (C), and cross-neutralizing antibody titer against Prototype, Alpha, Beta and Delta (D). NAb titers were expressed as 50% effective dilution (ED50) of serum. (E) Spike-specific T cell responses of PBMC were measured by IFN-γ ELISPot assay, and expressed as SFU per 1×106 lymphocytes. Bars represent the geomean ± geometric SD for (B–D), mean± SD for (E).



Furthermore, the level of cross-neutralizing antibodies was measured against the authentic virus on day 21 (three weeks post-priming) and 49 (four weeks post-boosting) to evaluate the potential neutralizing ability of NHP sera. Although all NHP sera in the vaccine groups converted positive against the prototype strain at day 7 after ChAd-S priming, the neutralizing reactivity was poor with a GMT of 19.84 for the seven NHPs from the 2×ChAd-S and ChAd-S>IV groups. The levels of NAb GMT to the prototype strain were highly improved to 186.43 for the 2×ChAd-S group and 211.34 for the ChAd-S>IV group (Figure 2D). For reactivity against different VOCs, the NAb GMT in the ChAd-S>IV group decreased to 41.93 for the Alpha, 18.32 for the Beta, and 16.00 for the Delta strains. Similarly, the NAb GMT in the 2×ChAd-S group decreased to 86.75 for the Alpha, <8.00 for the Beta, and 19.59 for the Delta strains (Figure 2D). Thus, the Beta and Delta strains were more resistant to vaccinated NHP serum. Interestingly, the NAb GMT against the Beta strain in the ChAd-S>IV group was slightly higher than that in the 2×ChAd-S group. Specifically, the NAb GMT in three out of four NHPs in the 2×ChAd-S group dropped below the low limit of detection (LLOD), while that of NHPs in the ChAd-S>IV group was higher and ranged from 12 to 64.

Spike-specific T cell responses were also measured before the SARS-CoV-2 challenge in this experiment. PBMCs were isolated from blood samples at day 49 and stimulated with four separate pools of peptides spanning the full-length spike. Robust T cell responses were elicited for all NHPs in the vaccinated groups. The spike specific IFN-γ SFUs/1×106 PBMCs in the ChAd-S>IV groups ranged from 125.56 to 228.89 for the four peptide pools and were slightly higher but not significantly different from those in the 2×ChAd-S group (Figure 2E).



Heterologous immunization with ChAd-S plus IV inhibited pulmonary viral replication in macaques

The Beta variant was shown to be more difficult to neutralize than the Alpha and Delta variants in the immunized serum. Thus, we selected the Beta variant for the NHP challenge experiment to test the potential protective effect of the prime-boost regimen against SARS-CoV-2 infection (Figure 2A). Nasal and throat swabs were collected every two days post-challenge for dynamic viral load quantification. No significant reduction in the levels of swab genomic RNA (gRNA) was found in vaccinated groups compared with those in unvaccinated groups (Figure 3A). Macaques were euthanized and necropsied seven days post-challenge, and viral loads were tested in the trachea, bronchus, lung lymph nodes (lung LN), and lung lobes. The mean level of gRNA copies of SARS-CoV-2 in vaccinated groups was reduced in the trachea, bronchus, lung LN, and six lung lobes compared with that in the unvaccinated group. Specifically, the average number of gRNA copies in the ChAd-S>IV group in the trachea (ChAd-S>IV:13667, 2×ChAd-S: 23538) and bronchus (ChAd-S>IV: 3399, 2×ChAd-S: 20806) was lower than that in the 2×ChAd-S group, while that in the lymph nodes was slightly higher (ChAd-S>IV: 10564, 2×ChAd-S: 6015) (Figure 3C, left panel). The average viral loads in the six lung lobes were comparable between the two vaccinated groups (p=0.6552) (Figure 3C, right panel). Nasal swabs and lung samples were tested for sub-genomic RNA (sgRNA) to evaluate viral replication in the respiratory tract and lungs. The viral sgRNA level in the vaccinated and unvaccinated groups peaked at 2-3 dpi and then gradually decreased. No significant reduction in the swab viral sgRNA level was found in the vaccinated group compared with that in the unvaccinated group (Figure 3B). For lung tissue, viral sgRNA was only detected in the lung lobes of the unvaccinated group, but not in those of the vaccinated group, indicating that the 2×ChAd-S and ChAd-S >IV vaccination regimens successfully inhibited viral replication (Figure 3D).




Figure 3 | Viral load in NHPs after challenge by Beta variant. Throat swabs, nasal swabs, trachea, bronchus, lung lymph nodes, and lung lobe specimens were collected at the time shown in Figure 1A. (A–D) SARS-CoV-2 gRNA and sgRNA levels were measured by RT-PCR and expressed as viral copies. LLOD was the low limit of detection. gRNA was quantified in throat swabs (left panel) and nasal swabs (right panel) (A), trachea, bronchus, lung lymph nodes (left panel) and six lung lobes (right panel, one spot represent one lung lobe out of six lobes for each animal) (C). sgRNA was quantified in nasal swabs (B) and six lung lobes (D). One spot represents one animal. One-way ANOVA was performed (C, D) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.





Heterologous immunization with ChAd-S plus IV reduced the pulmonary histopathologic changes and levels of inflammatory cytokines in macaques

The histopathological changes in the vaccinated and unvaccinated macaques were assessed. As previously reported, moderate to severe interstitial pneumonia characterized by inflammation, thickened adjacent alveolar interstitial, expanded alveolar spaces, and sloughing of epithelial cells in the distal bronchioles was observed in the unvaccinated group. The alveolar spaces of one macaque in the unvaccinated group were filled with homogenous eosinophilic proteinaceous fluid. In contrast, the pathological changes in the vaccinated groups were much less severe (Figure 4A), with an average pathological score of 3.30 in the 2×ChAd-S group and 3.39 in the ChAd-S>IV group, which was lower than the score of 7.50 in the unvaccinated group (Figure 4B). Thus, both the 2×ChAd-S and ChAd-S>IV regimens effectively alleviated lung pathology.




Figure 4 | Pulmonary histopathology and inflammatory cytokine analysis of NHPs after challenge. (A) Representative graph of hematoxylin and eosin (H&E) staining of lung tissues. Arrowhead indicates the histopathological lesion. (B) Pathological score of all lung lobes of each macaque (18 specimens for each group) was counted according to the severity and extent of histopathological lesion and represented as violin plot. (C) The concentrations of multiple inflammatory cytokines in lung homogenate (left panel) and BALs (right panel) in different groups were compared using heatmap. The concentration of each cytokine was transformed by log2 and normalized by Z-score.



Hyperproduction of pro-inflammatory cytokines is associated with alveolar injury in COVID19, and is further associated with severe illness and death. To investigate the lung inflammation status in vaccinated macaques, lung homogenates and bronchoalveolar lavage fluids (BALFs) were subjected to multi-cytokine quantification. As a result, the levels of general pro-inflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and IFN-γ, in the lungs and BALF were reduced in vaccinated groups compared with those of the unvaccinated group (Figure 4C).



Immune activation in blood after infection

To characterize the immune responses recalled by infection in heterologous and homologous vaccinated NHPs, the blood T cell and NAb responses were tested before and after the viral challenge. For the spike-specific T cell responses, PBMCs at 0 and 7 dpi were isolated from blood and stimulated with the full-length spike peptide pool, and the IFN-γ levels were measured in the supernatants. As a result, the concentration of secreted IFN-γ was evidently increased by 3.55-16.55 pg/ml in the unvaccinated group and 1.94-19.96 pg/ml in the 2×ChAd-S group after the viral challenge, whereas no increase was found in the ChAd-S>IV group Figure 5A. Similar to INF-γ, the TNF-α level was highly elevated in the unvaccinated group and the 2×ChAd-S group by 1458.38-8263.83 pg/ml and 640.88-2568.30 pg/ml, respectively. However, only one macaque in the ChAd-S>IV group manifested an elevation of the TNF-α level at a far lower level than that in the other groups Figure 5B. These results suggest that the T cell responses in the ChAd-S>IV group were relatively lower than those in the single ChAd-S regimen, indicating a lower risk of pulmonary immune injury.




Figure 5 | Recalled immune responses after challenge in different vaccine groups. (A) PBMCs were isolated before (0 dpi) and after (7 dpi) challenge, and stimulated by spike peptide pool. INF-γ concentration of supernatant was quantified and expressed as pg/ml. (B) Serum neutralizing antibody titer against different VOCs before (0 dpi) and after (7 dpi) Beta variant challenge. One spot represents one animal.



The serum NAb titers at 0 and 7 dpi were tested against the prototype, Alpha, Beta, and Delta strains. We found that sera with an NAb titer under 1:16 against specific VOCs at 0 dpi evidently increased at day 7 after challenge, whereas those higher than 1:96 maintained a naturally declining trend. For sera with NAb titers between 1:16 and 1:96, the NAb titer increased or decreased. This result suggests that the recalled NAb responses depended on whether the level of pre-existing NAb was sufficient to clear the virus.



Additional heterologous or homologous booster strengthened and prolonged the anti-SARS-CoV-2 immunity in mice

To further improve the immunity induced by the two basic doses of COVID-19 vaccines, mice were immunized with 2×ChAd-S or ChAd>IV, as shown in Figure 1, and all mice were boosted using a third dose of IV at day 28 after the second dose, shown as ChAd-S>ChAd-S>IV and ChAd-S>IV>IV group (Figure 6). The serum spike-specific IgG levels at day 14 after the second and third doses were measured and compared. The additional dose of IV significantly increased the serum spike-specific IgG levels compared with those of the two doses of basic vaccination (Figure 6A). The GMT of spike-specific IgG and NAb against the Prototype, Delta and Omicron strains was comparable between ChAd-S>ChAd-S>IV group (3547 for prototype, 1438 for Delta, 298 for Omicron) and ChAd-S>IV>IV group (4177 for prototype, 2234 for Delta, 217 for Omicron) (Figures 6A, B). IVs have been administered to a large human population, and the immunity against the Delta and Omicron strains was reported to be significantly lower than that against the prototype. We tracked the serum IgG induced by two doses of IV for a long time in mice and attempted an additional booster dose with the homologous IV or heterologous ChAd-S vaccine. As a result, the additional dose of IV or ChAd-S could further increase the serum spike-specific IgG levels, whereas the additional heterologous ChAd-S boost was more effective with higher levels of IgG GMT and NAb titers against the Prototype, Delta and Omicron strains (Figure 6C). To be specific, the GMT of NAb titers were 2065 for Prototype, 1070 for Delta, 57 for Omicron in IV>IV>IV group and 11881 for prototype, 6276 for Delta, 337 for Omicron in IV>IV>ChAd-S group (Figures 6C, D). These results demonstrated that the additional third dose of heterologous or homologous vaccine could strengthen and prolong the anti-SARS-CoV-2 immunity in a mouse model, however, a higher antibody titer was achieved using the heterologous boost strategy.




Figure 6 | The humoral immune responses induced by additional heterologous or homologous booster in mice. (A, B) Mice immunized with 2×ChAd-S and ChAd-S>IV on day 0 and 28 were further boosted by ChAd-S on day 56. Serum spike specific IgG titers were measured by ELISA on day 0, 28, 42 and 70 (A), and NAb titers against Delta and Omicron were measured on day 70 and expressed as 50% inhibitory dilution (EC50) of serum (B). (C, D). Mice immunized with 2×IV on day 0 and 28 were further boosted by IV or ChAd-S on day 100. Serum spike specific IgG titers were measured by ELISA on day 0, 28, 42, 114 and 128 (C), and NAb titers against Delta and Omicron were measured on day 114 and expressed as 50% inhibitory dilution (EC50) of serum (D). N=9 per group. Student’s t test was performed for b and d. Bars represent the geomean ± geometric SD, ns: p>0.05, **p<0.01.






Discussion

To enhance the general immune response to different kinds of COVID-19 vaccines, we tried a heterologous prime-boost strategy with ChAd-S and IV in mouse and rhesus macaque models. The ChAd-S>IV and IV>ChAd-S regimens showed higher NAb titers compared with those of the two doses of single ChAd-S or IV in mice. Among them, the ChAd-S>IV regimen induced higher NAb titers than the IV>ChAd-S regimen, indicating that the heterologous prime-boost strategy could effectively improve the immunogenicity of the two aforementioned vaccines. The induction of robust T cell responses was shown to be a distinct feature of the ChAd vectored vaccine, as previously reported (35). The frequency of IFN-γ-secreting T cells elicited by an exogenous IV was significantly elevated by the combined vaccination regimen with the ChAd vectored vaccine. This is consistent with our previous studies on a human adenovirus type-5 vectored vaccine, in which heterologous immunization with this vaccine improved the T cell responses to an IV and protein subunit vaccine (21). In addition to the direct elimination of infected cells, activated T cells provide essential support for B cell differentiation and antibody affinity maturation (36). Moreover, T cells that recognize conserved short-linear peptides could be a potential immune arm for resisting mutated SARS-CoV-2 (17, 37, 38). Therefore, it is rational to combine ChAd-S with IVs for broader immunity.

The compatibility and protective efficacy of the combined vaccination regimens were tested in rhesus macaques. The results showed that both the ChAd-S>ChAd-S and ChAd-S>IV regimens effectively induced neutralizing activity and Th1 cell responses against the prototype strain. Nevertheless, inconsistent with what was found in the mouse model, no significant difference in immune responses was found between the ChAd-S>ChAd-S and ChAd-S>IV. The different observations in different animal models might be due to the small sample size, more complex background, and larger inter-individual differences in macaques, or due to the greater coefficient of variation of biological detection methods (39). From the data in mice and macaques, it could be concluded that heterologous prime-boost with ChAd vectored vaccine and IV optimized and modulated the protective immune responses, or at least did not reduce them.

The recalled immune responses should be sufficient to defend against SARS-CoV-2 invasion, whereas over-activation of the cytotoxic T cell response might initiate lung injury (40). Hyper production of IFN-γ by Th1 cells during infection will activate macrophages and TNF-α as well as chemokines, which might finally cause tissue inflammation and damage (41). The 2×ChAd-S immunization protocol resulted in a comparable level of specific secretion of IFN-γ and TNF-α by PBMCs after the viral challenge in the unvaccinated group, indicating a sensitive recall response of vaccine induced T cell but also higher risk of T cell-induced lung injury. Interestingly, the specific recalled T-cell response in the ChAd-S>IV group was evidently lower. This suggests that heterologous prime-boost with ChAd-S plus IV might prevent the over-activation of pathogenic immune responses after SARS-CoV-2 infection. Meanwhile, the NAb responses in the ChAd-S>IV group were not affected by the relatively lower T cell responses but were highly dependent on the pre-existing NAb levels. A high level of pre-existing NAbs might be sufficient to inhibit viral replication at the initial stage of infection; thus, the antibody response would not call for an additional upregulation to fight the virus. However, for those with antibody levels lower than 1:16 additional upregulation is quickly recalled to confer a similar level of protection. This has also been confirmed in our previous study (34).

The NAb levels against different VOCs induced by homologous or heterologous prime-boost strategies were reduced by various degrees due to mutations in the receptor-binding domain (RBD), which has been confirmed in several other studies (42, 43). The E484K mutation is a dominant cause of the reduction of neutralizing activity against the Beta variant (44), and are also present in the currently circulating VOCs, including the Delta and newly defined Omicron. As demonstrated in this study, the level of serum NAb titers against the Beta variant was lower than that against the prototype and Alpha strains, and slightly lower than that of the Delta strain in both mice and macaques. Therefore, we selected the Beta strain with a relatively greater immune evasion ability to challenge macaques to better evaluate and explain the protective potential of the vaccination strategies against different mutant strains. Although 11.5-fold and over 23.3-fold reductions in the NAb titers against the Beta strain were induced by the ChAd-S>IV and 2×ChAd-S regimens, respectively, they still mediated effective protection against the immune escape Beta variant in NHPs with significant reduction of the viral load, pathogenic manifestation, and inflammatory cytokine levels in the respiratory system. The serum antibodies induced by the ChAd-S>IV and 2×ChAd-S regimens still effectively recognized the Alpha and Delta strains, and the titer was higher than that against the Beta strain. As NAbs have been proven to be a definite CoP for COVID-19, these results might predict that the aforementioned homologous and heterologous prime-boost strategies could also confer potential protection against the prototype, Alpha, and Delta strains in macaques. Furthermore, though no significant difference shown in anti-S IgG or neutralizing antibody titers in NHP immunized with 2×ChAd-S or with ChAd-S>IV, the heterologous vaccine (ChAd-S>IV) appeared to reduce the activation of IFN-γ producing Th1 T cells compared to the 2×ChAd-S vaccine post infection, which might be an index of reduction of pulmonary inflammation (Figure 5A). Thus, a multi-dose heterologous inactivated virus vaccine might reduce the adverse reactions induced by multi-dose homologous virus vector-based vaccine and benefit large-scale population vaccination. However, the currently circulating Omicron variants contain a large number of key mutations, with 32 mutations in the spike protein, which were shown to be more difficult to neutralize by vaccinated serum compared to previously reported variants. Additional doses of booster vaccines or new vaccines targeting Omicron are urgently required to maintain population immunity against SARS-CoV-2.

The immune effect of an additional third-dose vaccination was investigated to further improve and prolong vaccine-mediated protection against all VOCs. First, mice vaccinated with two IV doses were further boosted with an additional dose of homologous IV or heterologous ChAd-S vaccine. As a result, both homologous IV and heterologous ChAd-S boosting after the two doses of IV further improved the antibody responses. However, heterologous boosting with ChAd-S was superior to homologous IV boosting in spike-specific antibody induction (Figure 5B). Recently, a phase 4 clinical trial was conducted to verify the immunogenicity of heterologous and homologous boost regimens after two doses of the inactivated vaccine CoronaVac; similarly, heterologous boosting with ChAd or Ad26 vectored vaccines resulted in more robust immune responses compared with homologous IV boosting (45). Meanwhile, mice that completed the 2×ChAd-S or ChAd-S>IV regimen were further boosted with IV in this study. Although the serum spike-specific IgG GMT in the 2×ChAd-S group was relatively lower than that in the ChAd-S>IV group after the second vaccine dose, it drastically increased and overtook the ChAd-S>IV group after a third dose of heterologous IV boost. Interestingly, an additional third vaccine dose prolonged the NAb responses and achieved effective neutralizing activity against the highly immune escape Omicron variant. Together with data from two-dose prime-boost vaccinations, our data demonstrated that heterologous boost at the second dose and the additional third dose might be a more effective approach to enhance antibody responses. Nonetheless, the experimental model used in this study could not fully reflect the real circumstances in humans, and more clinical studies are still needed to assure the compatibility between divergent vaccine platforms.

In summary, to improve vaccine-induced immunity, we tested a homologous and heterologous prime-boost strategy using a chimpanzee adenovirus vectored vaccine and an IV in mice and macaques. The heterologous prime-boost regimen with ChAd-S and IV maintained or elevated the antibody and T cell responses compared with those of each single vaccine regimen and mediated effective protection against immune escape variants. Interestingly, the heterologous ChAd>IV regimen might prevent immune activation in vaccinated NHPs after viral challenge because of lower T cell responses but comparable cross-reactive NAb responses. This study also analyzed the correlation between pre-existing NAb levels and recalled NAb responses. Our study demonstrated the good compatibility of chimpanzee adenovirus vectored vaccines and IV in animal models.
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