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Influenza virus infections are a serious danger to people’s health worldwide as they are responsible for 
seasonal flu outbreaks. There is an urgent need to improve the effectiveness and durability longevity of 
the immune response to influenza vaccines. We synthesized the CpG HP021 and examined the impact 
of it on the immune response to an influenza vaccine. In BALB/c mice, hemagglutination inhibition (HI) 
titers to the vaccine were increased four- to eightfold against H1N1, H3N2, BV, and BY viruses by 3 μg 
IIV4 + 40 μg CpG HP021 compared with those of the non-adjuvanted IIV4 group, and the CpG HP021 
group had a broader HI activity. Additionally, the immune response was directed towards Type 1 T 
helper (Th1) cells due to the CpG HP021 adjuvant. The CpG HP021-adjuvanted IIV4 induced a higher 
number of T cells secreting interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), and 
increased the percentage of effector memory T cells in mice. In SD rats, the immune responses induced 
by IIV4 with CpG HP021 were similar to those in BALB/c mice. The development of CpG HP021 may 
expand the options for adjuvants in vaccines against infectious diseases.
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Vaccination is an effective intervention to prevent influenza, minimize all types of complications, and reducing the 
healthcare burden. Currently, trivalent and quadrivalent inactivated influenza vaccines (TIV/IIV4) are licensed 
for use in all age groups. However, the overall efficacy of vaccination is approximately 30 to 40% in individuals 
over 65 and between 70 and 90% in those under 651,2. Influenza vaccine protection lasts only 6 to 8 months, and 
vaccine-induced antibodies protect only against influenza strains homologous to the vaccine; therefore, annual 
seasonal influenza vaccination is required. Consequently, there is a pressing need to enhance the immunization 
strategy of influenza vaccines to offer comprehensive, efficient, and enduring immune protection across various 
age groups. Synthetic biology tools show great potential for vaccine and adjuvant development.

Adjuvants play multiple roles in vaccine development, such as increasing the rate of the initial immune 
response; generating more sustained immune responses; eliciting protective immunity in immunocompromised, 
aged, and young children3 ,decreasing the dose of antigens and the number of immunizations; and generating 
immunity against mutated virus strains4–9. Each adjuvant has its own unique immune characteristics, and the 
choice of an adjuvant needs to be based on the characteristics of the antigen as well as the required immune 
response for immune protection. There is a long history of using aluminum hydroxide as an adjuvant in 
human vaccines, but alum does not produce a strong immunological response when combined with influenza 
antigens10–12. A number of adjuvants, including MF5913,14 and AS0315,16, have also been licensed for use in 
influenza vaccinations in addition to aluminum adjuvants 17. In 1997, the MF59 adjuvant was approved for use 
in the influenza vaccine Fluad in Italy 18. Both the H5N1 avian influenza vaccine and the H1N1 pdm09 vaccine 
contain the AS03 adjuvant 19,20. However, safety issues regarding the H1N1 influenza vaccine with AS03 have 
been highlighted.
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Agonists of Toll-like receptors (TLRs) have been explored as adjuvant candidates in both mice and humans. 
Synthetic CpG sequences can be employed as TLR9 agonists. It has been demonstrated that every possible 
combination of sequence variants has unique structural and biological characteristics. Since its approval for use 
in tumor vaccines in 2002, CpG 7909 has been used in various vaccines, such as malaria and anthrax vaccines 
21. CpG 1018 was initially originally licensed for use in HBV vaccines and subsequently added to the COVID-19 
vaccines 22–24. CpG HP021 is one of our newly synthesized adjuvants. It has been demonstrated that CpG HP021 
stimulates peripheral blood mononuclear cells (PBMCs) to produce cytokines and causes the growth of mouse 
spleen cells25. We have evaluated the immune effects of CpG HP021 in inactivated COVID-19 vaccines26 and 
found that the addition of the CpG HP021 adjuvant significantly enhances cross-reactive humoral immunity, 
providing protection against heterologous challenges, and can induce long-term immunity in K18-hACE2 mice.

In this study, we evaluated the immunogenic efficacy of IIV4, with or without the CpG HP021 adjuvant, at 
various dose levels. We observed that the inclusion of the adjuvant elicited robust cellular and humoral immune 
responses. The development of active TLR9 agonists may broaden the options for adjuvants in vaccines against 
infectious diseases.

Results
CpG HP021-adjuvanted IIV4 induces high levels of HI titers in mice
The HI titers against H1N1 and B/Victoria (BV) viruses in the CpG HP021-adjuvanted groups, with CpG doses 
in the range of 20–160 μg were significantly higher than those in the non-adjuvant group at day 28 (P < 0.05) 
(Fig. 1a-d). The geometric mean titer (GMT) of the HI antibody responses elicited by 3 μg of IIV4 + 40 μg of 
CpG HP021 was four to eight-fold greater than the titers induced by the unadjuvanted IIV4 vaccine (P < 0.05). 
The seroconversion rate (SCR) was 58.3% for the H3N2 type and 8.3% for the BY type in non-adjuvant group at 
day 28 after the first immunization, at which point the SCRs were more than 90% for all subtypes in the groups 
adjuvanted with a CpG dose of 20 μg or more (Fig. 1f and Supplementary Table 1). In addition, the geometric 

Fig. 1. HI titers and GMI at day 28 after first immunization in BALB/c mice. (a-d) The serum HI titers were 
detected by HI against H1N1, H3N2, BV, and BY at day 28. The data represent geometric mean with 95% 
CI. (e) Dynamic changes in GMI at various time points. (f) The SCRs for H1N1, H3N2, BY, and BV types. 
The dotted line indicates HI titers of 1:40 which are suggested to indicate a probability of clinical protection 
of at least 50%. This titer serves as a threshold for predicting protection. N = 9 to 12. *p < 0.05, **p < 0.01, 
***p < 0.001.
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mean fold increase (GMI) for the 3 μg of IIV4 + 40 μg of CpG HP021 group was higher than that of the other 
groups against all four types of viruses (Fig. 1e). The GMI detected by HI against BV was 76.11, which was 7.5 
times more than the GMI of the non-adjuvant group.

The CpG HP021-adjuvanted IIV4 improves the levels of humoral immune antibodies in mice
We identified IgG, IgG1, and IgG2a antibodies in serum samples at day 28. The GMT of the binding antibody 
responses elicited by 3 μg of IIV4 + 40 μg of CpG HP021 at day 28 against H1N1, BV, and BY viruses was 
significantly higher than those in the non-adjuvant group (P < 0.05). Consistent with the HI antibody responses, 
3 μg of IIV4 + 40 μg of CpG HP021 elicited four to eight times higher binding antibody titers than the non-
adjuvanted vaccine formulation (Fig. 2a-d). Furthermore, IIV4 formulated with CpG HP021 showed comparable 
IgG1 titers but higher IgG2a titers in contrast to the non-adjuvant group (P > 0.05) (Fig. 2e-g), indicating that 
the CpG adjuvant effectively induced a T helper type 1 (Th1) bias in mice. The antigens with 160 μg CpG HP021 
group had considerably greater serum levels TNF-α, IL-2, and IFN-γ, compared to the antigen group at day 28 
(P < 0.001) (Supplementary Fig. 1). This may suggest an overstimulation of the immune system in the group that 
received more than 80 μg of CpG HP021.

The CpG HP021-adjuvanted IIV4 induces stronger and broader cross-reactive HI antibody 
responses in mice
We evaluated the cross-reactive antibody response using an HI assay against influenza viruses from similar and 
different phylogenetic groups. Serum HI titers of at least 1:40 are suggested to indicate a probability of clinical 
protection of at least 50%. This titer serves as a threshold for predicting protection 27,28. At day 28 after first 
immunization, the group receiving 3 μg of IIV4 + 40 μg of CpG HP021 elicited protective HI titres against H1N1, 
H3N2, and BY viruses (HI titers ≥ 1:40), when non-adjuvant group only induced limited cross-reactivity (HI 
titer geometric means < 40) (Fig. 3a, b, and d). Neither the non-adjuvant group nor the CpG HP021-adjuvanted 
IIV4 group did not achieve a post-vaccination titer of ≥ 40 or seroconversion, as measured by HI to heterologous 
BV virus (Fig. 3c). Overall, our findings indicate that the CpG HP021-adjuvanted IIV4 can effectively neutralize 
heterologous H1N1, H3N2, and BY influenza viruses.

Fig. 2. The levels of antibody subtypes after IIV4 immunization in mice measured at day 28. (a-d) Total IgG 
levels were assessed using ELISA with split H1N1, H3N2, B/Victoria, and B/Yamagata viruses. IgG1 titers (e), 
IgG2a titers (f), and the ratio of IgG1 to IgG2a titers (g) were assessed using ELISA with split H1N1 viruses. 
*P < 0.05, **P < 0.01, ***P < 0.001. N = 6.
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Immunization of mice with IIV4 with CpG HP021 adjuvant induces higher levels of T cell 
responses and cytokines in mice
Enzyme-linked immunospot (ELISpot) tests were used at day 28 to detect the T cell responses in the spleens of 
immunized mice. The mean spot numbers measured by IFN-γ ELISpot in the CpG HP021 groups were 87 to 
136 per 106 splenocytes (SPC), which was more than twice those in the non-adjuvant group (mean = 41 per 106 
SPC) (Fig. 4a, b). The spot numbers measured by TNF-a ELISpot in the 40 μg or more of CpG HP021 groups 
were also approximately twice as high as those in the non-adjuvant group (P < 0.05) (Fig. 4c). At day 28, the 
addition of CpG HP021 significantly increased the levels of IFN-γ, IL-2, TNF-α, IL-6, and IL-10 secreted by 
splenic lymphocytes (Fig. 4d). These findings imply that adding the appropriate dose of CpG HP021 adjuvant 
to the vaccine stimulates the production of IFN-γ-secreting T cells, and TNF-α-secreting T cells. It also induces 
splenic lymphocytes to secrete various cytokines.

IIV4 with CpG HP021 induces higher levels of memory T cells in mice
Next, we investigated the proportion of memory cells among lymphocytes in mice at day 28. CD62L+ CD44- 
CD4+ T cells were significantly enriched in the spleens of mice in the CpG HP021 group than non-adjuvant 

Fig. 3. Cross-reactive antibody responses at day 28 after first immunization in BALB/c mice.(a-d) HI antibody 
responses against the representative heterologous strains. The data represent geometric mean with 95% CI. 
The dotted line indicates HI titers of 1:40 which are suggested to indicate a probability of clinical protection 
of at least 50%. This titer serves as a threshold for predicting protection. N = 6. *P < 0.05, **P < 0.01, and 
***P < 0.001.
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group (P < 0.01) (Fig. 5a, b). Furthermore, the percentage of central memory T cells (CD44+ CD62L+) in the 20 
μg CpG HP021 group was considerably greater than that in the non-adjuvant group (Fig. 5a ,b). These findings 
imply that CpG HP021 may provide sustained immune protection. Consistent with the antigen-specific cytokine 
production, splenocytes developed the capacity to produce significant levels of the Th1 cytokine IFN-γ when 
exposed to IIV4-specific stimulation (Fig. 5c).

The adjuvant effect of CpG HP021 in SD rats
The HI titers against H1N1 and BV viruses in the CpG HP021-adjuvanted groups with CpG HP021 doses 
ranging from 50 to 400 μg were significantly higher than those in the non-adjuvant group at day 28 after the 

Fig. 4. T cell responses and cytokine levels in the supernatant of splenic lymphocytes at day 28 in BALB/c 
mice. (a-b) IFN-γ ELISpot test following antigen-specific splenic stimulation in mice. (c) TNF-α ELISpot test 
following antigen-specific splenic stimulation in mice. (d) Multiplex cytokine analysis of splenic lymphocyte 
supernatant stimulated by peptides. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. N = 6.
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first immunization (P < 0.001) (Fig.  6a). The CpG HP021-adjuvanted groups also showed an increase in HI 
titers against H3N2 and BY viruses, especially in the 6 μg of IIV4 + 200 μg of CpG HP021 group and the 6 μg 
of IIV4 + 400 μg of CpG HP021 group (Fig. 6a). At day 28, the SCRs of H1N1, H3N2, BY, and BV antibodies 
in the unadjuvanted IIV4 group were 100%, 33%, 100%, and 67%, respectively, while the SCRs in CpG HP021-
adjuvanted vaccine groups with CpG HP021 doses ranging from 50 to 400 μg were all 100% (Supplement Table 
2). These results imply that the CpG HP021 adjuvant enhanced the humoral responses of IIV4 in SD rats. After 
antigen stimulation, the 6 μg of IIV4 + 200 μg of CpG HP021 group and the 6 μg of IIV4 + 400 μg of CpG HP021 
group both had significantly higher numbers of IFN-γ-secreting cells (mean = 202 per 1 × 106 SPC), more than 
five times higher than the non-adjuvant group (mean = 35 per 1 × 106 SPC) (Fig. 6b and c). At day 56, the number 
of IFN-γ-secreting cells was higher in the IIV4 with CpG group compared with that in the non-adjuvant group 
(P < 0.05) (Fig. 6d). The quantity of cells that secreted IL-4 was similar across the various groups (Fig. 6e-g).

Fig. 5. Flow cytometry assay identifying TEM cells and the production of IFN-γ by T cells at day 28 after first 
immunization in BALB/c mice. (a-b) The proportion of memory cells among lymphocytes was analyzed across 
the different groups at day 28. (c) Assessments of the IFN-γ producing CD8+ T cells from immunized mice. 
*P < 0.05, **P < 0.01, ***P < 0.001. N = 5 to 6.
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Discussion
The influenza virus can be effectively prevented through vaccination. Currently, many seasonal influenza vaccines 
do not contain adjuvants; however, seasonal inactivated influenza vaccinations are less effective, especially against 
the H3N2 and BY strains, and provide inadequate cross-protection. In order to broaden the range of protection 
offered by vaccinations, new immunization techniques are being researched 1. Adding the right adjuvant to an 
influenza vaccination can boost its immunogenicity; however, only a handful of such adjuvanted commercial 
vaccines are currently available. CpG has the advantages of stability, low cost, easy synthesis, high efficiency, low 
toxicity, improved antibody and T cell responses, and reduced antigen dosage29,30. Considering the benefits of 
using a single adjuvant in terms of production efficiency and cost-effectiveness, this study primarily evaluates the 
immunological effects of an influenza vaccine combined with the novel CpG HP021 adjuvant.

There is an optimal adjuvant for each specific antigen subtype. In this study, the addition of the CpG HP021 
adjuvant to IIV4 did not significantly improve HI antibody responses against the H3N2 virus; however, it did 

Fig. 6. HI titers and T cell responses at day 28 after the first immunization in SD rats. (a) The serum HI titers 
were detected by HI against H1N1, H3N2, BV, and BY at day 28. The data represent geometric mean with 95% 
CI. (b-d) T cell responses were measured by IFN-γ ELISpot assays for various groups. (e–g) T cell responses 
were assessed by IL-4 ELISpot. Compared with 6 μg of IIV4, *P < 0.05, ***P < 0.001, ****P < 0.0001. N = 3 to 6.
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enhance HI antibody responses against other subtypes, including H1N1, BV, and BY. Futhermore, the SCRs were 
more than 90% for all subtypes in the CpG HP021 groups, whereas the SCRs in the unadjuvanted IIV4 group 
were only 58.3% for H3N2 type and 8.3% for BY types. The CpG HP021-adjuvanted groups exhibited earlier 
seroconversion and a higher seroconversion rate compared with the non-adjuvant group for all subtypes. The 
results of HI test and ELISA demonstrated that the CpG HP021 adjuvant boosts antibody responses induced by 
IIV4 that a 20 to 40 μg dose CpG HP021 is sufficient. The CpG HP021-adjuvanted IIV4 also induces stronger 
and broader cross-reactive responses in mice. In the SD rat model, the results were consistent with those in 
BALB/c mice, indicating high serum HI titers in CpG HP021 group.

T cells restrict the duration and severity of influenza virus infection, hence promoting protective immunity 
against it31,32. They can provide cross-strain protection against various influenza viruses, including emerging 
strains, because the most virus-specific T lymphocytes are able to identify viral segments that are found in 
areas that are less mutagenic and more conserved. In our study, the ELISpot and flow cytometry results showed 
significantly elevated cellular immunity response in the CpG HP021 groups. In comparison to the non-adjuvant 
group, the CpG HP021 group’s splenic lymphocyte supernatant exhibited notably greater amounts of cytokines. 
Mechanistically, CpG adjuvant is an artificially synthesized oligonucleotide sequence with unmethylated CpG 
motifs, possessing immunostimulatory properties similar to bacterial DNA33–35. CpG recognizes and binds 
to the human or mouse TLR9 and activates dendritic cells (DCs) and B cells expressing TLR936. DCs secrete 
a variety of pro-inflammatory and antiviral cytokines, which then induce DC migration and aggregation in 
lymphoid tissues and induce Th1 cell responses26. Other innate immune cells are also activated by DC cells.

The cytokine environment generated by T cells is a primary factor influencing IgG class switching. IgG1, 
which is the predominant effector antibody for robust humoral immune responses against external infections, 
is produced in greater quantities by the Th2 cell lineage, primarily through the secretion of IL-4. The Th1 cell 
lineage primarily produces IL-12 and stimulates the synthesis of IgG2a, which is generally linked to cell-mediated 
immune responses against intracellular infections. The CpG HP021-adjuvanted vaccine significantly increased 
the serum IgG2a antibody titer in mice, indicating that the CpG adjuvant effectively induces a Th1 bias in mice. 
A Th1/IgG2a/b bias with CpG 1018 adjuvant and a Th2/IgG1 bias have been reported previously 26,37,38, which 
are consistent with this findings 39–43. In addition, B cells activated by TLR9 differentiate into antibody-secreting 
plasma cells and produce a variety of cytokines (IL-6 and IL-10), which promote the growth, differentiation, 
and generation of functional antibodies by B cells. These cytokines have an immunomodulatory function that 
prevents the overactivation of pro-inflammatory factors.

An ideal vaccine adjuvant must have a robust safety profile. The safety of the CpG adjuvant has been 
demonstrated in preclinical and clinical trials44–46 and the appropriate safe dosage of the CpG HP021 adjuvant 
can be investigated through animal experiments and future clinical studies. Cytokines such as IFN-γ, TNF-α, 
IL-2, and IL-6 are associated with systemic reactogenicity47. Early innate immune system activation to fight 
viral infections and immune system activation regulation to minimize organ damage should be kept in proper 
balance 48. In this study, we measured these cytokines in mice serum at day 28 after first immunization and 
found that IIV4 with CpG doses of 80 μg or more resulted in significant systemic reactions. The levels of all 
cytokines levels comparable to those in the PBS control group, in mice immunized with CpG doses of 80 µg 
or less, implying the CpG doses of 80 µg or less is safe. Furthermore, CpG may bystander activation leading to 
activation of autoimmune responses in a susceptible individual49, and the susceptible individuals could choose 
other appropriate adjuvant based on the specific circumstances.

Our study has several limitations. Our study is main focused on comparing the immune responses between 
the non-adjuvanted vaccine group and the CpG-adjuvanted vaccine group, as well as determining the optimal 
dosage of the CpG HP021 adjuvant. However, we have not compared the differences between CpG HP021 and 
other adjuvants. Furthermore, challenge studies are necessary to further assess the protective efficacy of the CpG 
HP021-adjuvanted vaccine.

Taken together, we demonstrated that the addition of the CpG HP021 adjuvant can alter the subtype of 
antibodies and the type of helper T cells, promoting the body’s production of memory immune cells and 
enhancing the effectiveness of IIV4. This finding encourages us to explore the feasibility of incorporating the 
CpG adjuvant into other vaccines.

Materials and methods
Animals, vaccines, and viruses
We bought six to eight week-old BALB/c mice and ten-week-old rats from Shanghai Slac Laboratory Animal 
Co., Ltd (Shanghai, China). The CpG HP021 adjuvant was prepared by Jiangsu Taipurui Biotechnology Co., Ltd 
(Jiangsu, China).  T C G C A A C G T T G C C T T C G A A G G-3’ is the sequence of CpG HP021, a newly synthesized 
adjuvant, whose patent application number is CN 117,568,339. The quadrivalent influenza vaccines of season 
2022–2023 (A/Victoria/2570/2019, A/Darwin/9/2021, B/Austria/1,359,417/2021, B/Phuket/3073/2013) and 
influenza viruses for the evaluation of vaccine cross-reactivity (A/California/07/2009, A/Michigan/45/2015, 
A/G-M/SWL1536/2019, A/Wisconsin/15/09, A/Texas/50/2012, B/Florida/4/2006, B/Massachusetts/02/2012, B/
Brisbane/60/2008, B/Washington/02/2019) were obtained from Zhejiang Tianyuan Bio-Pharmaceutical Co., Ltd 
(Zhejiang, China).

Immunization
BALB/c mice (n = 12 per group) were injected intramuscularly (IM) in the hind legs, with each leg receiving 50 
µL (totaling 100 µL) of two doses (at day 0 and 14) containing IIV4 (3 µg of each HA) with a range of CpG HP021 
(0, 10, 20, 40, 80, or 160 μg) (Table 1). A control group was administered phosphate-buffered saline (PBS). SD 
rats (n = 6 per group) were also immunized via IM injection in the hind legs, with each leg receiving 100 µL 
(totaling 200 µL) of two doses (at day 0 and 14) containing IIV4 (6 µg of each HA) with a range of doses of CpG 
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HP021 (0, 50, 100, 200, or 400 µg), and the control group was immunized with PBS (Table 2). The carbon dioxide 
asphyxiation method was used to euthanize the vaccinated mice and SD rats, followed by cervical dislocation. 
Blood samples were collected before and at day 14, 21, 28, and 56 after the first immunization. The spleens were 
harvested for cellular response testing when the animals were sacrificed at day 28 and 56 following the initial 
immunization.

Ethics statement
All animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals 
of Zhejiang Province and the study was approved by the Ethics Committee of the Zhejiang Chinese Medical 
University (Ethical approval No. IACUC-202310–29). All procedures of the study were followed by the ARRIVE 
guidelines.

HI assay
The HI test was performed, as previously stated50. In brief, 200 µL of receptor destroying enzyme was combined 
with 50 µL of mouse serum and incubated overnight at 37 °C. After being inactivated for one hour at 56 °C, 
the mixture was diluted to an initial concentration of 1:20 using PBS, followed by two-fold serial dilutions. 1% 
fresh chicken red blood cells (RBCs) were used to titrate the viruses. Then, four HA units of virus were added 
to 96-well U-bottom plate containing the diluted serums. After 30 min of incubation at room temperature (RT), 
1% chicken RBCs were added and incubated for 30 min at RT. HI titers were defined as the reciprocal of the 
highest serum dilution capable of preventing hemagglutination of RBCs. The SCR is defined as the proportion 
of animals with HI titer < 1:20 before vaccination and ≥ 1:40 at day 28 after first immunization or ≥ 1:20 before 
vaccination and a ≥ fourfold increase in HI titer at day 28 after first immunization. The GMI is calculated by 
dividing the GMT after vaccination by the GMT before vaccination.

ELISA
The ELISA was performed, as previously stated 26. Briefly, the influenza antigen (0.5 μg/mL) was added to 96-
well plates, which were then stored at 4 °C for all night. A confining solution was used to block the plates for 2 
h. From a starting dilution of 1:1000, the serum samples were serially two-fold diluted and then added to the 
plate. The plate was incubated for 2 h. After that, the plates were incubated with biotin anti-mouse IgG (Cat. No. 
1036–08), biotin anti-mouse IgG1 (Cat. No. 1071–08) or biotin anti-mouse IgG2a (Cat. No. 1081–08) (all from 
Southern Biotech) for one hour at RT. After that, the plates were incubated for 40 min with Streptavidin (HRP). 
After adding 100 μL of 3, 30, 5, 50-tetramethyl biphenyl anhydride for 5 min, the reaction was stopped with 2 M 
sulfuric acid. To measure the absorbance at 450 nm, an enzyme-labeling instrument was utilized. Antibody titers 
are the reciprocal of the maximum dilutions of the antibody measured when the ratio of the optical density (OD) 
value of the tested antibody to the OD value of the negative control is equal to or greater than 2.1.

ELISPOT
The Mouse IFN-γ ELISpotPLUS kit (Mabtech, Cat. No. 3321-4HPW-10) and the Mouse TNF-α ELISpotPLUS 
kit (Mabtech, Cat. No. 3511-4HPW-10) were accustomed to assess the T cell responses of mice. The Rat IFN-γ 
ELISPOT kit (U-CyTech, Cat. No. CT079-PR5) and the Rat IL-4 ELISPOT kit (U-CyTech, Cat. No. CT081-PR2) 

Groups (No.)
IIV4
(μg /each HA)

CpG
(μg) Volume (μL) Number of rats

PBS 0 0 200 6

6 μg IIV4 6 0 200 6

6 μg IIV4 + 50 μg CpG 6 50 200 6

6 μg IIV4 + 100 μg CpG 6 100 200 6

6 μg IIV4 + 200 μg CpG 6 200 200 6

6 μg IIV4 + 400 μg CpG 6 400 200 6

Table 2. SD rats experimental grouping.

 

Groups (No.)
IIV4
(μg/each HA) CpG (μg) Volume (μL) Number of mice

PBS 0 0 100 12

IIV4 3 0 100 12

IIV4 + 10 μg CpG 3 10 100 12

IIV4 + 20 μg CpG 3 20 100 12

IIV4 + 40 μg CpG 3 40 100 12

IIV4 + 80 μg CpG 3 80 100 12

IIV4 + 160 μg CpG 3 160 100 12

Table 1. Mice experimental grouping.
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were accustomed to assess the T cell responses of SD rats. In 96-well plates, 4 × 105 freshly obtained splenocytes 
were added to each well. The plates were cultured in 1640 medium with or without 5 μg/mL of influenza antigens 
for 20 h at 37 °C and 5% CO2. Following that, the ELISpot plates were stained according to the manufacturer’s 
instructions. After that, an ELISPOT® Spot Imaging Analyzer was used to read the plates.

MSD Cytokine analyses
Serum samples from BALB/c mice were collected at 28 day after the initial vaccination. After being freshly 
isolated, 8 × 105 splenocytes per well of mice and SD rats were stimulated for 28 h with 5 μg/mL of influenza 
antigens. Subsequently, the supernatants were collected. We analyzed the cytokine levels in the blood samples of 
mice and the splenic lymphocyte supernatants from both mice and rats using MSD cytokine kits, including the 
V-PLEX Proinflammatory Panel 1 (mouse) Kit (Meso Scale Diagnostics, Cat. No. K15048D) and the V-PLEX 
Proinflammatory Panel 2 (rat) Kit (Cat. No. K15059D-1).

Flow cytometry
Mouse spleen cells were stained with Fixable Viability Stain 700. The cells were then stained for 30 min at 4 °C 
using the FITC anti-mouse CD3, BV605 anti-mouse CD8, Phycoerythrin (PE)-cy7 anti-mouse CD4, BV510 
anti-mouse CD62L, and BUV395 anti-mouse CD44 antibodies from BD Pharmingen. The stained cells were 
then examined on a CytoFLEX flow cytometer. Some mouse spleen cells were harvested and cultured in 1640 
medium with or without 5 μg/mL of influenza antigens for 10 h. The cells were then incubated with Fixable 
Viability Stain 700 and FITC anti-mouse CD3, BV510 anti-mouse CD4 and BV605 anti-mouse CD8 for 30 min 
at 4 °C. After adding Fixation/Permeabilization Solution and incubating for 30 min at 4 °C, followed by adding 
Percp-cy5.5 IFN-γ. The samples were then incubated at 4 °C for 40 min. The stained cells were then examined 
on a CytoFLEX flow cytometer.

Statistical considerations
The data was analyzed using GraphPad Prism 10.2 software. Data analysis was conducted using T-tests, one-
way analysis of variance (ANOVA) with Tukey’s test, or Kruskal–Wallis test with a post hoc Dunn’s multiple. P 
values ≤ 0.05 were considered significant; in the figures, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

Data availability
The data in this study are available from the corresponding author upon reasonable request.
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