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Poly(I:C) and R848, synthetic ligands that activate Toll-like receptor 3 (TLR3) and TLR7/8 
respectively, have been well-established for their ability to stimulate the immune system and 
induce antigen-specific immune responses. These ligands are capable of inducing the production 
of cytokines and chemokines, and hence support the activation and differentiation of B and T 
cells. We saw the long-lasting and perdurable immune responses by these adjuvants essentially 
required for an efficacious subunit vaccine. In this study, we investigated the potential of poly(I:C) 
and R848 to elicit B and T cell responses to the OVA antigen. We assessed the stimulatory effects 
of these ligands on the immune system, their impact on B and T cell activation, and their ability to 
enhanced generation of B and T cells. Collectively, our findings contribute to the understanding 
how poly(I:C) and R848 can be utilized as an adjuvant system to enhance immune responses 
to protein-based subunit vaccines. In the end, this work provides insights for the development of 
novel vaccination strategies and improving the vaccine efficacy. Present work shall help formulate 
newer strategies for subunit vaccines to address the infectious diseases.

1. Introduction

Maintaining immune effector balance is crucial for defending against pathogens. CD8 T cells play a pivotal role in recognizing 
and eliminating infected cells [1]. Robust and perdurable CD8 T cell responses are essential for effective immunity. Various methods, 
including vaccination, adoptive transfer, and in vitro expansion, contribute to CD8 T cell generation [2,3]. Vaccination is the most 
common approach, where antigens are administered in the body to stimulate the immune system. DNA vaccines and viral vectors 
are potent strategies [4], but DNA vaccines may induce weaker responses due to suboptimal antigen processing and presentation [5]. 
Viral vectors efficiently deliver antigens but face limitations from pre-existing immunity, which may reduce their effectiveness, and 
raises concerns about their safety [4]. Ongoing research focuses on optimizing DNA vaccines and viral vectors for enhanced CD8 T 
cell responses, addressing limitations and exploring therapeutic potential [6,7]. However, challenges include the need for adjuvants 
and specific antigen presentation by antigen-presenting cells (APCs).
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The exploration of protein antigens Ag(s) as an alternative source for generating CD8 T cells has gained significant attention and 
offers a safer approach than traditional methods involving live attenuated or inactivated pathogens [8]. However, eliciting CD8 T 
cell responses solely against protein antigens is generally less efficient compared to using whole pathogens or viral vectors, resulting 
in insufficient CD8 T cell activation [9]. The inefficiency is attributed to the necessity for additional signaling molecules to effectively 
activate CD8 T cells. Ongoing efforts focus on optimizing protein antigen-based approaches for enhanced CD8 T cell generation [9]. 
Innovative vaccine delivery systems, such as virus-like particles (VLPs) [10] or nanoparticles [11,12] have been employed to achieve 
robust CD8 T cell activation, aiming to improve the efficacy of protein Ag-based subunit vaccines.

There is a growing interest in investigating synthetic immunostimulatory agents, or adjuvants, with a few currently approved 
for human vaccine formulations. Novel adjuvant formulations are crucial for generating augmented immune responses, particularly 
cellular immune responses [13,14]. While many subunit vaccines are administered with a single adjuvant, combining adjuvants with 
different modes of action can increase immunogenicity [15]. Several licensed adjuvants possess immunostimulatory activity [16]

and preclinical investigations support various adjuvant combinations, such as the TLR9 agonist CpG (cytidine phosphate guanosine) 
in combination with aluminium hydroxide [17], alum, DOATP (1,2-dioleoyl-3-trimethylammonium propane), and D35 [18], MPL 
(monophosphoryl lipid A) and poly(I:C) (polyriboinosinic polyribocytidylic acid) [19]. Poly(I:C) and R848 exhibit immunostimu-

latory properties, mimicking pathogen-associated molecular patterns (PAMPs) and activating the immune system through pattern 
recognition receptors (PRRs) [20–22]. Acting as a TLR3 agonist, poly(I:C) activates B cells, upregulating surface receptors, and induc-

ing cytokine secretion and cellular proliferation. It stimulates the production of key cytokines, including IL-12, IFN-𝛾 (Th1 cytokine) 
and IL-4 (Th2 cytokine) [23]. This adjuvant system promotes the DC maturation and B cell activation, resulting in robust CD4+

T cell and humoral immune responses [24]. This adjuvant formulation enhances the functionality and abundance of CD8 T cells, 
promoting the production of IFN-𝛾 crucially required to clear infectious pathogens [25]. Conversely, the synthetic small molecule 
R848 (resiquimod), a selective agonist for TLR7 and TLR8, induces IFN-𝛼, IL-12, and TNF-𝛼 in various immune cells, showing its 
potential in immunomodulation [26–28].

Administration of a recombinant subunit vaccine in two or three doses induces a significant IgG and neutralizing antibody re-

sponse, with negligible differences observed between dosing regimens [29]. Investigations involving a third booster dose demonstrate 
enhanced immunogenicity and protective efficacy in both human and non-human primate subjects [30–32]. Studies reveal B cells’ 
involvement in activating CD8+ T cells through distinct mechanisms [33,34]. Multiple immunizations are speculated to mimic re-

peated exposure to the protein Ag, mediating efficient antigen presentation. This enhances CD8 T cell activation and expansion, 
promoting the development of long-lived memory CD8 T cells. Thus, we hypothesize that repeated immunization with protein Ag(s) 
generating humoral responses may expand memory B cells, improving BCR affinity. Further, high titer antibodies may form immune 
complexes (IC) with circulating or incoming Ag, captured by antigen-presenting cells through Fc receptors and presented to CD8+ T 
cells.

Present study investigates the impact of synthetic agent’s poly(I:C) and R848 on diverse B and T cell populations in response 
to the model protein antigen ovalbumin (OVA). We evaluate the ability of these synthetic TLR agonists to elicit antigen-specific 
immune responses by the ex-vivo and in vivo assays. Repeated immunization with OVA, combined with adjuvants, induces OVA-

specific CD8+ T cells in mouse circulation. Ex-vivo stimulation of OVA and OT-I & OT-II peptides similarly stimulate CD8+ T cells 
in the spleen and LNs. Additionally, the utilized adjuvants elicit B-cell-mediated immune responses, evidenced by OVA-specific 
antibody production, memory cell development in the spleen, and plasma/antibody-secreting cells (ASCs) in the bone marrow (BM). 
Our findings contribute to understanding the immunomodulatory potential of poly(I:C) and R848, facilitating the activation of the 
immune system using OVA antigen. Overall, these results provide insights for designing and developing subunit vaccines to induce 
specific immune response against protein Ag.

2. Materials and methods

C57BL/6 mice (6-8 weeks old) were procured from Zydus Research Centre (Ahmedabad, India) against the Institutional Animal 
Ethics Committee (IAEC) approved protocol No.: IS/PHD/30/2022/46 (CPCSEA Reg. No.: 883/PO/ReBi/S/05/CPCSEA). Mice were 
kept at the Central Animal House Facility of Nirma University, Ahmedabad. They were allowed to acclimatize in the new environment 
for a week, before the experimental study begins. Appropriate amount of food and water was provided simultaneously proper nesting; 
veterinary oversight and other required things were taken care of. All the experimental protocols were revised and approved by the 
IAEC of Nirma University and the experiments were performed at the facility authorized by IAEC. The Handling of mice was done as 
per the Institutional guidelines.

2.1. Reagents and antibodies

All the reagents used for the experimental work are cell culture tested. Bovine serum albumin (BSA) fraction-V, cell culture tested 
(Himedia: TC194-100G), goat anti-mouse IgG (H+L) Secondary Ab), HRP (In-vitrogen 62-6520), goat anti-mouse IgG1 Secondary 
Ab, HRP (In-vitrogen PA1-74421), goat anti-mouse IgG2c, Fc gamma specific Ab, HRP (CST 56970), 3,3′,5,5′-Tetramethylbenzidine 
(TMB) Liquid Substrate System for ELISA (Sigma T0440-100ML), carbonate-bicarbonate buffer (Sigma C3041-50CAP), eBioscienceTM

10X RBC lysis buffer (Multi-species) (Invitrogen 00-4300-54), OVA-Albumin from chicken egg white, lyophilized powder ≥98% 
electrophoresis (Sigma A5503-5G), 10X PBS (Himedia ML023-500ML), 10X PBS (Endotoxin Free) (Himedia ML164-100ML), RPMI-

1640 (Himedia AL199A-500ML), antibiotic antimycotic solution 100x liquid (Himedia A002-20ML), L-Glutamine 200mM solution 
2

(Himedia TCL012-20ML), HEPES-1M Solution Cell culture tested (Himedia TCL021), phosphate buffer saline with 0.05% tween 
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Scheme 1. The OVA immunization strategy in C57BL/6 mice. Mice were immunized with different combination of OVA antigen (Ag), and endotoxin free PBS used 
as an experimental control. 2 days prior to the booster dose (on day 12), blood samples were collected. Following the 3 doses, mice were euthanized (on day 14) and 
Ag specific CD8+ T cell responses and B cell response were determined (n=3).

20, pH 7.4 (Sigma P3563-10PAK), ELISA Plate (Immunoplate Strip Single Well-Genetix-38296 or 96 well, high binding, detachable 
(HiMedia-EP2-5X10NO)), Poly I:C (LMW-25mg) (InVivogen-tlrl-picw), R848 (Sigma SMLL0196-10MG), BD Cytofix/CytopermTM Plus 
Fixaion/Permeabilization solution kit with BD GolgiPlugTM (BD 555028). Cell strainer (70 μm nylon; Corning-431751), OVA peptides: 
OVA257-264 (vac-sin) (H-2Kb restricted OVA MHC class I epitope) & OVA323-339 (vac-isq) (I-Ad restricted OVA MHC class II epitope) 
(InvivoGen). The antibodies used for flow-cytometry experiments were procured from BD Bioscience/Biolegend/ThermoFisher Scien-

tific (all are anti-mouse). BV510 conjugated anti-CD4 (clone:rm4-5;563106), Alexa-700 conjugated anti-CD8 (clone:53-6.7;557959), 
APC conjugated anti-IFN-𝛾 (clone:XMG1.2;554413), PE-Cy7 conjugated anti-CD19 (clone:1D3;561739), APC conjugated anti-CD80 
(clone:16-10A1;560016), PE conjugated anti-CD273 (clone:TY25;557796), BV510 conjugated anti-IgM (clone:II/41;743324), PE con-

jugated anti-CD138 (clone:281-2;561070), PE/Percp-Cy 5.5 conjugated anti-CD3(clone:500A2;553240)/(clone:17A2;560527), (BD 
Biosciences). FITC conjugated anti-CD73 (clone:TY/11.8;Biolegend-127270), Alexa FluorTM 700 conjugated anti-IgG (H+L) (Ther-

moFisher Scientific-A21036).

2.2. Immunization, blood collection and serum separation

OVA Ag alone or in combination with adjuvants (poly(I:C) and R848) were administered biweekly in C57BL/6 mice subcuta-

neously (base of the tail) for three times. Blood was collected from retro-orbital plexus of mice before (pre-immune, 3 days prior) and 
after each antigen/protein booster immunization (preferably two-days prior to booster dose) (Scheme 1). Blood samples were kept 
undisturbed and incubated at room temperature (RT) (37 ºC) for 3-4 h for the coagulation process to occur. Later, for the separation 
of serum, samples were centrifuged at 3,000 rpm for 20 min at 4 ºC. The resulting supernatant (upper layer), designated as serum, 
was collected in fresh eppendorf and stored in -80 ºC until use.

2.3. OVA-specific IgG and IgG subclass ELISA

96 well immuno-plates were coated with OVA (2 μg/well) prepared in coating buffer, cover the plate with an adhesive plas-

tic/aluminum foil, and kept at 4 °C for overnight. Unbound antigens were removed and plates were blocked with 2% BSA in 
PBS (200 μl/well) for 2 h. After 2 h, plates were incubated further with serum samples (diluted in a range of 1:500 to 1:16000) 
(100 μl/well) at RT for 2 h. Then, plates were washed thrice with wash buffer (phosphate buffer saline with 0.05% tween 20, pH 
7.4) (200 μl/well). After washing, antibody, anti-mouse IgG (H+L) HRP-conjugated secondary Ab was diluted 1:2000 in 0.2% BSA 
and added to the each well (100 μl/well) and incubated for another 1 h at RT. After incubation, the plates were again washed 
thrice with wash buffer (200 μl/well) and developed with 100 μl TMB substrate solution. The enzymatic reaction was stopped with 
the addition of 100 μl of 1 M HCl stop solution to each well. The optical density (OD) was measured at 450 nm wavelength (620 
3

nm as a reference wavelength) using microplate reader (Microplate Spectrophotometer-EPOCH-SN). The serum samples were run 
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in duplicates. Experiments were performed minimum two times. The similar method was employed to study the effect of adjuvants 
against the OVA Ag on the subclass of IgG by using IgG1 (diluted 1: 4000) and IgG2c (1:1000).

2.4. Measurement of antibody avidity index (AI)

The next step was to measure the AI of the same serum samples tested for OVA-specific IgG and subclasses response. Thus, the AI of 
anti-OVA antibody was measured as described by Fialova et al. [35] and Jelinkova et al. [36] using an ELISA based chaotrope assay. 
In brief, it follows the standard ELISA protocol as described above. The only difference seen was that following serum incubation, 
half of the wells were treated with 6M urea for 10 min and remaining half were treated with 1X-PBS as the control. Serum dilutions 
corresponding to comparable OD value for each group was chosen as control. Additionally, we have also compared the AI between 
each dose of immunization/group and, we took three different dilutions for each dose. The AI was calculated as the ration of mean 
OD value of urea treated wells (A6M urea) to control well treated with PBS (Ac); AI=A6M urea/Ac. Multiple dilution of serum were 
used and all samples were run in duplicate.

2.5. Spleen and lymph node (LN) single cell suspension preparation

On the 14th day following the third dose of immunization, the animals were euthanized through cervical dislocation, after which 
the spleen, LN, and bone marrow (BM) were harvested. Single cell suspensions of lymphocytes were prepared by mincing spleen cells 
between the ground ends of two frosted microscopic slides and LN cells by passing it through 70 μm mesh strainers and supplemented 
with RPMI complete media (10% FCS and 1% antibiotic solutions, 1% L-Glutamine and 1% HEPES buffer). The cells were further 
pelleted down by spinning at 500 x g for 5 min at 10 ºC and aspirate the supernatant. Spleen samples were further treated with 1X 
RBC lysis buffer, according to the manufacturer’s instructions (eBioscience-Thermo Fisher Scientific). In brief, resuspend the pellet 
(of spleen cells) in 3 ml of prepared 1X RBC lysis buffer followed by incubation at RT for 4-5 mins. Immediately after incubation, 
centrifuge the samples at same speed. Decant the supernatant, resuspend the pellet in RPMI complete media and counted using 0.4% 
trypan blue under the microscope and plated accordingly (1-1.5X106 cells/well). The LN cells were directly resuspended in RPMI 
complete media after centrifugation, and plated as mentioned for spleen cells.

2.6. Bone marrow single cell suspension

Isolation of immune cell from mouse bone marrow (BM) has been done as per the method described by Liu and Quan et al., [37]. 
In brief, the mouse (for higher yield of BM cells) was euthanized as per the recommended method and then dissected to take out 
the femur and tibia bone from hind leg. Muscles and excess tissues were removed from the surrounding of bones with sterile scissors 
and forceps. Then both the ends of the bones were cut with sharp tools and with the help of 23-gauge needle and a 10cc syringe 
(1 ml syringe) filled with frozen HBSS (Hank’s Balanced Salt Solution) to clear out the BM cells from inside onto a 70 μm nylon cell 
strainer placed on 50 ml falcon tube. Use up to 10 ml of HBSS for the same or do it until the whole flow through turns white in color. 
BM cells were smashed out through the filter with the help of plunger of a syringe and washed off with another ~5 ml of HBSS. 
Later the cells were centrifuged at 1,500 rpm for 7 min at 4 ºC and supernatant was discarded. Then the pellet was resuspended in 1 
ml RBC lysis buffer (individually for each mouse) & incubated at 37 ºC for 2 to 5 min at RT. Again, tubes were centrifuged at 1,500 
rpm for 7 min at 4 ºC, supernatant was discarded and the pellet was resuspended in RPMI complete media. Further, the cells were 
counted with the help of hemocytometer for the viability and plated as mentioned earlier for spleen and LN cells. 1-1.5X106 single 
cell suspensions of spleen and BM organs were seeded in 96-well “V”-bottom plates and stimulated with OVA Ag (10 μg/ml) for 24 
h. The unstimulated controls were filled with cell culture medium only (Scheme 2).

2.7. Multi-parametric flow cytometric analysis

2.7.1. Circulating IFN-𝛾 in peripheral blood of OVA-immunized mice

To study the circulating IFN-𝛾 in OVA-immunized mice, anticoagulant tubes were used to collect blood on 10–12 days post third 
immunization, processed (lysed using manufacturer’s protocol for 1XRBC lysis buffer), and tested for IFN-𝛾 producing cytotoxic T 
lymphocytes (CTLs) by stimulating with CD8+ T cell–specific OT-I peptide of OVA Ag. Detailed protocol was mentioned in the later 
section.

2.7.2. Cell surface and intracellular staining (ICS)

1-1.5X106 cells were suspended in FACs buffer. PBS supplemented with 1–2% fetal calf serum (FACs) for cell surface stain-

ing and intracellular cytokine staining (ICS). Three to Seven-color staining of spleen and LN cells were performed by using 
mono-clonal antibodies. The following mouse monoclonal antibodies were used in different combinations as per the require-

ment of an experiment. BV510 conjugated anti-CD4 (clone:rm4-5;563106), Alexa-700 conjugated anti-CD8 (clone:53-6.7;557959), 
APC conjugated anti-IFN-𝛾 (clone: XMG1.2;554413), PE-Cy7 conjugated anti-CD19 (clone:1D3;561739), APC conjugated anti-CD80 
(clone:16-10A1;560016), PE conjugated anti-CD273 (clone:TY25;557796), BV510 conjugated anti-IgM (clone:II/41;743324), PE con-

jugated anti-CD138 (clone:281-2;561070), PE/Percp-Cy 5.5 conjugated anti-CD3 (clone:500A2;553240)/(clone:17A2;560527), (BD 
Biosciences). FITC conjugated anti-CD73 (clone:TY/11.8;Biolegend-127270), Alexa FluorTM 700 conjugated anti-IgG (H+L) (Ther-
4

moFisher Scientific-A21036). For cell surface and ICS, 1-1.5×106 cells were resuspended in FACS buffer and incubated for 25 to 30 
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Scheme 2. Ex-vivo stimulation/pulsing of single cell suspension prepared from the spleen and BM with OVA-Ag to study the generation of Ag-specific B 
cells. 14 days following the third immunization, the spleen and BM were collected aseptically, processed, and single cell suspension was prepared. 1-1.5X106 cells were 
seeded, and incubated with OVA-Ag for 24 h. The only media was added to the wells served as the unstimulated controls. Post 24 h of incubation, the supernatants 
were collected and indirect ELISA was performed to detect OVA-specific IgG. The stimulated cells were further stained with B cell markers and characterized using 
the flow cytometry.

min at 4 °C with monoclonal antibodies for cell surface markers. Cells were fixed and permeabilized with intracellular (IC) fixation 
buffer and washed with perm wash buffers. Cells were further incubated with anti-IFN-𝛾 monoclonal antibody for 45 min to 1 h 
at RT for ICS. Simultaneously, a control sample was kept in which cells were incubated without anti-IFN-𝛾 monoclonal antibody 
(FMO control). After washing with perm wash buffer and FACs buffer, cells were finally resuspended in 1% paraformaldehyde for 
cell acquisition by flow cytometer.

For the analysis of the antigen-specific response to the OVA protein (10 μg/ml) and OVA peptides (OT-I & OT-II) (10 μg/ml 
each), cells were incubated in complete medium for a total of 10 to 12 h and 8 to 10 h, respectively at 37 °C. Brefeldin A (BFA) (BD 
Bioscience) was added 2 h after initial OVA protein stimulation and incubated further whereas for OVA peptides it was added at the 
time of peptide stimulation. Cells were acquired using AttenuX flow cytometer (ThermoFisher Scientific) (Scheme 3).

Statistical analysis

Data are shown as mean ± SD, and statistical analysis was carried out by One-way analysis of variance (ANOVA) with Tukey 
multiple comparison post-test for endpoint titer analysis and, TWO-way analysis of variance (ANOVA) with Tukey–Kramer multiple 
comparison post-test for all other experimental results using the GraphPadInStat™ 8 software (GraphPad Software Inc., San Diego, 
California). ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234.

3. Results

3.1. Assessment of OVA specific antibody response in the immunized mice

Humoral immune response to the OVA antigen was determined by measuring the antibody IgG and its subclass IgG1 and IgG2c 
via indirect ELISA. We saw the higher antibody titer in the sera of mice immunized repeatedly (Fig. 1). Mice immunized with OVA 
and adjuvants (poly(I:C) (OP) or R848 (OR) showed the elevated OVA-specific antibody titer as compared to mice immunized with 
OVA alone following the booster immunization (Fig. 1B, C). The OVA-only group failed to exhibit a robust Ab titer, even after the 
booster dose (Fig. 1A). The OP group exhibited a robust OVA-specific IgG response post-priming, which was comparable to the OR 
group following two booster dose immunization (Fig. 1B & C). Our data suggested that both adjuvants and repeated immunization 
is required to enhance production of OVA-specific IgG. Additionally, we observed a significant increase in the endpoint titer of 
OVA-specific IgG in the OP (Fig. 1E) and OR (Fig. 1F) groups, in contract to the OVA-only group (Fig. 1D), which failed to reach 
the baseline of pre-immune sera. Regarding the IgG1 response, the OP group exhibited a significantly higher titer upon priming 
(Fig. 1H) when compared to the OVA-only (Fig. 1G) & OR (Fig. 1I) groups showing the sub-sup-optimally lower response. Boosting 
led to a further increase in the OVA-specific IgG1 response in all groups, reaching a plateau in the OP and OR group (Fig. 1H & I). 
5

Analysis of the OVA-specific IgG2c revealed that OVA-only group failed to generate an IgG2c response (Fig. 1J), whereas the OP 
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Scheme 3. Ex-vivo stimulation of single cell suspension prepared from spleen and lymph node (LN) of the OVA immunized mice. Following the three 
immunizations of B6 mice with OVA-Ag, spleen and lymph node were collected, processed, and single cell suspensions were prepared. V bottom 96-well plates were 
seeded with 1-1.5X106 cells followed by the stimulation with OVA-Ag (10 μg/ml) (for 10 to 12 h, Brefeldin A (BFA) was added after 2 h of initial incubation for spleen 
cells), and OT-I and OT-II peptides (10 μg/ml each) (for 8 to 10 h in presence of BFA for LN cells) and culture media only for unstimulated controls. The stimulated 
cells were stained with cell surface markers (CD4, CD8), fixed, permeabilized, and further stained and incubated for 45 mins-1 h with anti-mouse IFN-𝛾 antibody. The 
samples were stored in paraformaldehyde and cells (event count=1,00,000/sample) were acquired using flow-cytometry machine.

and OR groups (Fig. 1K & L) showed a significant increase in IgG2c levels after two booster doses. These results suggest that both 
adjuvants may establish balance between Th1 and Th2-type immune response against the OVA-Ag. Overall, our data highlight the 
adjuvant-mediated induction of OVA-specific IgG responses following repeated immunization.

Subsequently, we sought to assess the avidity of IgG, the increased antibody avidity, shown by the avidity index (AI), is indicative 
of a successful vaccination. AI has been a crucial metric for the long-lasting presence of antibodies in circulation after repeated 
immunizations. It plays a pivotal role in immune complex (IC) formation, subsequently activating cellular immune responses.

Our findings demonstrated a lower AI with the OVA-only group (SI Fig. 1A and D) compared to the OP (SI Fig. 1B and E) and OR 
groups (SI Fig. 1C and F). Remarkably, the OR group displayed the highest AI, followed by the OVA and OP. Assessing the individual 
affinities within each group, the OP group exhibited the highest affinity, succeeded by the OR and OVA-only groups. These findings 
imply that adjuvants are capable of augment Ab-affinity in the protein-based immunization.

B cells originate in the bone marrow (BM) and undergo maturation in the spleen and lymph nodes (LN). The presence of memory 
B cells and IgG-producing B cells in the spleen and BM is crucial for the host immunity [38]. Upon re-infection with the same antigen, 
a recall response is triggered, leading to a robust immune response and subsequent resolution of the infection. To assess the cellular 
changes following repeated OVA immunization, we measured serum levels of total IgG. Additionally, we decided to investigate the 
impact of repeated Ag exposure with adjuvants on various B cell subsets, including the memory and plasma B cells. Therefore, ex-

vivo stimulation experiments were conducted 14 days post third immunization (Scheme 2); cells were immunophenotyped for the 
expression of markers by the flow-cytometry

We selected specific memory markers (CD80, PD-L2 [CD273], and CD73), which are indicative of B cells, in addition to the 
pan-B cell marker CD19. The surface expression of IgG, associated with memory phenotype of B cells, was also investigated (SI Fig 
2). Analysis of subsets of memory B cells (MBCs) revealed no significant difference among the experimental groups. However, a 
minor increase was observed in the single-positive CD80+MBC (SI Fig 3A) within the OR group (SI Fig 3). We hypothesized that 
CD80-CD273- double negative (DN) population, characterized by the lowest Ag affinity, may contribute to the formation of germinal 
centers (GCs) following Ag re-exposure or subsequent/booster immunization, predominately expressing IgM+. The expression of 
IgM+ within the DN population of MBCs was assessed, and a slight increase in IgM+ production from DN MBCs in the OVA and OP 
groups was observed which did not reach the statistical significance (SI Fig 3D). Based on our findings, we believe that poly(I:C) may 
have a role in the development of the GC.

The IgG secretion was individually measured for each group to assess the influence of adjuvants on MBCs. IgG is known for its 
pivotal role in combating a wide range of infectious and inflammatory diseases (SI Fig 4).

The IgG expression on DP (CD80+CD273+) MBCs was observed across all experimental groups. Notably, the OVA and OR groups 
demonstrated a higher IgG expression compared to other groups. Although the OP-stimulated group exhibited an increased IgG 
6

expression, it did not reach the statistical significance (SI Fig 4A). These results suggest that direct exposure to the protein Ag may 
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Fig. 1. The antibody response following the repeated immunization with OVA when injected with adjuvants. OVA specific IgG response was measured by the 
indirect ELISA after each immunization (n=3 mice/group) in, (A) immunization with OVA (B) OP (Ovalbumin protein and poly(I:C) (C) OR (Ovalbumin protein and 
R848). The endpoint titer was measured in (D) OVA, (E) OP and, (F) OR group. Similarly, OVA specific IgG1 and, IgG2c response was measured in (G & J) OVA, 
(H & K) OP & (I & L) OR group of immunization, respectively. The bar represents mean SD for each dose administered in each group at different dilutions. The P 
values were determined by comparing means using two-way analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test for IgG, IgG1 and IgG2c 
(between 1st dose and 3rd dose). ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234. For endpoint titer, p values were determined by comparing 
means using one-way ANOVA test followed by Tukey’s multiple comparison test.

influence the generation of DP MBCs expressing surface IgG. The quantification of IgG levels through ELISA in the supernatant of 
ex-vivo stimulated (OVA Ag) spleen cells revealed that the OR group exhibited the highest levels of IgG, followed by OP-immunized 
group. It is pertinent to note that a substantially higher quantity of IgG may have been secreted into the supernatant upon ex-

vivo stimulation (SI Fig 4A). Recent investigations have shown that DP MBCs undergo further differentiate into triple positive (TP) 
MBCs, characterized by the expression of CD73 (CD80+CD273+CD73+) [39]. Interestingly, TP MBCs producing IgG were found 
to be increased in the OR and OP groups, with a modest change observed in the OVA group (SI Fig 4B). The % of TP cells in 
the unstimulated fraction was higher in the OR group compared to the other experimental groups, suggesting the induction of the 
MBCs. Additionally, upon repeated immunization with OVA, we observed the production of OVA-specific IgG and the expansion of 
corresponding memory B cells. Furthermore, the higher secretion of IgG in both adjuvant groups indicates that R848 may promote 
the generation of MBC, in contrast to the poly(I:C).

In the subsequent analysis, the OR group, followed by the OP and OVA immunized groups, exhibited the highest levels of OVA-

specific IgG production after stimulation with OVA in the spleen of OVA-immunized mice (SI Fig 5A). The OR and OP groups 
demonstrated significantly elevated level of OVA-specific IgG production in response to OVA stimulation, implying their active 
involvement in B cell induction and IgG secretion processes (SI Fig 5A) compared to the control group. Conversely, the OR and OP 
groups showed comparable IgG production, followed by the OVA-only immunized group upon OVA stimulation in BM (SI Fig 5B).

We speculate that poly(I:C) might not directly induce IgG secretion but could potentially activate OVA-specific B cells upon ex-

vivo stimulation with OVA. Plasma cells secrete antibodies across all the experimental groups in the BM. Notably, unstimulated cells 
from the OR group were observed to secrete antibodies in absence of specific stimulation, indicating that BMB cells in the OR group 
actively secrete OVA-specific IgG. These observations imply that both spleen and BM cells have the capacity to produce OVA-specific 
IgG when co-administered with the adjuvants. Furthermore, R848 may play a crucial role, as unstimulated bone marrow B (BMB) 
7

cells demonstrate the capability to secrete IgG.
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Fig. 2. CD19 expressing plasma B cells and IgG expression on BM cells following the OVA-immunization and ex-vivo stimulation of BM with OVA antigen.

Plasma B cells and IgG expression on different CD19 B cells of CD19+ cells A) CD19+CD138+(B) CD138+IgG+, on CD19- cells (C) CD138+IgG+, and on CD19low

cells (D) CD19+CD138+ (E) CD138+IgG+ was determined 14 days following the last immunization in the single cell suspension of BM stimulated with OVA-Ag 
(10 μg/ml) for 24 h (n=3 mice/group). The bar represents mean SD for each dose administered. The P values were determined by comparing means using two-way 
analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test. ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234.

We systematically investigated the influence of adjuvants on the functional aspects of BMB cells, specifically focusing on their 
role as a source of antibody-secreting cells (ASCs) and the maintenance of functional memory B cells (MBCs) (Scheme 2). Employing 
a combination of the Pan-B cell marker (CD19), CD138, and IgG markers facilitated the comprehensive characterization of BMB 
cells (SI Fig. 6). We identified CD19+CD138+B cells as plasma cells, known for their propensity to secrete IgG. Existing studies 
with human samples suggest that mature plasma cells/ASCs gradually lose CD19 expression while retaining long-term memory and 
displaying a pro-survival cell phenotype [40]. Accordingly, we classified cells into three distinct CD19 populations (CD19+, CD19low, 
and CD19-) (SI Fig. 6 and Fig. 2). The quantity of CD19+CD138+ cells (plasma cells) in the BM was significantly elevated in the OR 
group, followed by the OP and OVA upon ex vivo OVA stimulation (Fig. 2A). Notably, IgG expression was discerned only in the OR 
group, even in the unstimulated cell fraction of plasma cells (Fig. 2B), indicating the potential involvement of R848 in the production 
of IgG-containing plasma cells. The diminished CD19 expression during plasma cells/ASC maturation is indicative of the terminal 
stage of activation. Furthermore, the analysis of CD138 and IgG expression revealed two distinct populations (CD19low, CD19-), with 
CD19- cells exclusively exhibiting CD138 and IgG expression in the OR group (Fig. 2C). The CD19low population exhibited a similar 
trend to CD19 expression, with significant CD138 expression observed solely in the OR group (Fig. 2D). Other groups displayed 
minimal CD138 expression on the ligand-stimulated cells. While the OR and OP groups exhibited comparable IgG expression on 
CD19low population, statistical significance was however not reached (Fig. 2E). It is probably due to the unknown mechanism taken 
place during immune response activation.

Our results propose that R848 may exert a marked influence on the differentiation of BMB cells expressing CD19, promoting 
IgG expression post OVA-immunization. Furthermore, poly(I:C) displayed the capacity to activate the BM plasma cells, fostering 
the transition of early plasma cells into late/long-living plasma cells. This observation implies that plasma cells rely on poly(I:C) 
for longevity and their efficacy in combating infections. Also, our results indicate that the potential role of R848 in sustaining the 
functionality of spleen and BMB cells. Moreover, the combination of both adjuvants appears to synergistically enhance the humoral 
immune response. We assessed the supernatant following the OVA-Ag stimulation of spleen and BM cells for the production of 
8

OVA-specific IgG using indirect ELISA (SI Fig. 5).
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Fig. 3. IFN-𝛾 producing CD8+T cell in the circulation following OT-I peptide stimulation (10 μg/ml) in OVA immunized mice with adjuvant: (A) Peripheral 
blood of OVA immunized mice (10-12 days post last immunization) was collected, processed and stimulated with OVA-Ag specific OT-I peptide (for CD8 T cells) for 6 
h in presence of BFA. Intracellular staining (ICS) was performed and the fraction of IFN-𝛾+CD8+ T cells was determined by flow cytometry (AttenuX -ThermoFisher 
Scientific) and compared to control group (event count=1,00,000). One representative of each group was presented in the form of contour plots. Dots accounts 
for events falling outside of the lowest contour and drawn with dots (N=3 mice/group) (B) The analysis of IFN-𝛾 producing CD8+ T cells in circulation. The bar 
represents mean SD for each dose administered 10-12 days following the last immunization. The P values were determined by comparing means using two-way 
analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test. ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234.

3.2. Cell mediated immune (CMI) responses in the OVA-immunized mice

We examined the presence of circulating Ag-specific CD8+ T cells in response to the OVA Ag. Immunization with OVA antigen, 
in conjunction with adjuvants, facilitated the recognition and reactivation of OVA antigen-specific T cells. These T cells played a 
crucial role in effectively clearing recurring infection. The assessment of IFN-𝛾 production was conducted through stimulation with 
the CD8+ T cell specific OT-I peptide of the OVA Ag (SI Fig. 7 & Fig. 3).

Our results revealed a significant increase in the percentage of IFN-𝛾 secreting CD8+ T cells in animals immunized with OP 
compared to other groups (Fig. 3). The group immunized with OR also demonstrated the generation of IFN-𝛾 producing CD8+ T 
cells, albeit to a lesser magnitude than in the OP group (Fig. 3). These findings suggest that OVA immunization may enhance the 
production of sizeable IFN-𝛾 secreting CD8+ T cells, with poly(I:C) playing a role in IFN-𝛾 secretion, followed by the R848. In 
contrast, the OVA-only group did not secret IFN-𝛾 .

Following the assessment of circulating Ag-specific CD8+ T cells, we investigated whether secondary lymphoid immune organs 
(SLOs), including spleen and LN, also manifested the Ag-specific immune response. Mice were euthanized 14 days post third im-

munization, and single cell suspensions of isolated immune organs were ex-vivo stimulated with OVA-Ag and OVA specific peptides 
(OT-I and OT-II for CD8+ T and CD4+ T cells, respectively) (Scheme 3).

Ex-vivo stimulation with OVA-specific peptides led to the generation of OVA-specific IFN-𝛾 producing CD8+ T cells in the LN of 
OP group, demonstrating high significance. However, no significant differences were observed in the other tested groups (Fig. 4A 
and SI Fig. 8A). As expected, the OR group showed a minor change, while the control group did not exhibit cell stimulation. Our 
results indicate that OVA Ag immunization induces an OVA-specific CD8+ T cell response, with poly(I:C) directly involved. We 
also examined the activation of IFN-𝛾+CD4+T cells response to OVA-Ag (Fig. 4B and SI Fig. 8B), but no remarkable activation of 
OVA-specific CD4+T cells was observed.

In spleen cell suspensions from OVA-immunized mice, stimulation with OVA Ag resulted in the generation of IFN-𝛾 producing 
CD8+ T cells in both OP and OR groups (Fig. 4C and SI Fig. 9). The OP group showed a substantial increase in IFN-𝛾+CD8+ T 
cells, whereas the OR group demonstrated lesser production of IFN-𝛾 , which was not significantly different (Fig. 4C). However, both 
groups exhibited higher numbers of IFN-𝛾+CD8+ T cells compared to the OVA-only and control groups, which did not show the 
generation of IFN-𝛾+CD8+T cells. No significant difference in the trend of IFN-𝛾 generating CD4+ T cells, compared to the peptide 
stimulation, was observed (Fig. 4D). Our data suggest that R848 and poly(I:C) may generate CTL responses, and the synergistic effect 
of both adjuvants could enhance the antigen specific immune response (Fig. 4).

The ex-vivo stimulation experiments provided evidence supporting the capability of the OVA Ag to elicit a specific immune 
response after three rounds of immunizations. Furthermore, our investigations substantiated that repeated immunization with the 
9

protein Ag proficiently triggered a CMI response both in the systemic circulation and within the SLOs.
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Fig. 4. The analysis of IFN-𝛾 producing CD8+ and CD4+ T cells in lymph nodes (LN) (A, B) and spleen (C, D) cells of OVA immunized mice following the OT-I & II 
peptide and OVA protein stimulation, respectively (n=3 mice/group). The bar indicates SD for each dose administered. The P values were determined by comparing 
means using two-way analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test. ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, 
ns=0.1234.

3.3. Combination of adjuvants [poly(I:C) and R848] augment immune response in OVA-immunized mice

We next decided to determine the synergistic effect of both adjuvants on generation B & T cell responses after OVA Ag immuniza-

tion. 3 mice/group were immunized with a combination of poly(I:C) & R848 (referred to as OPR), and we analyzed both the humoral 
and CMI responses. The dosage of both adjuvants was adjusted to 25 μg/mouse of each, and the immunization conditions were same 
as mentioned earlier (Scheme 1). We assessed the status of B and T cells in circulation and measured circulating Ab responses after 
each and every immunization.

To assess the OVA-specific IgG and its subclasses (IgG1 and IgG2c), an indirect ELISA was conducted exclusively on the sera 
samples from the OPR group. The OVA-specific IgG response (Fig. 5A) exhibited a significant increase after the 2nd dose of immu-

nization, displaying a trend similar to that observed with individual adjuvant immunization after the 3rd dose (Fig. 1). This consistent 
pattern was seen in the response of IgG1 & IgG2c subclasses (Fig. 5B & C). The analysis of the endpoint titer further confirmed the 
higher response following the 2nd dose of immunization (Fig. 5D). Throughout the immunization process, the avidity index remains 
unchanged (Fig. 5E & F); however, the AI value estimated was comparatively higher than that observed in the individual adjuvant 
groups (SI Fig. 1). In summary, our combined adjuvant strategy effectively primed and induced the OVA-specific IgG, IgG1, and IgG2c 
responses, culminating in enhanced Ab titers compared to the individual adjuvant groups (OP and OR). These findings underscore 
the potential of the combined adjuvant approach in promoting the IgG secretion.

In alignment with our prior study of individual adjuvants, we conducted a comprehensive assessment of various MBCs in the 
context of combined (both)-adjuvant approach. We observed no alternation in the populations of IgM producing MBCs or the DN 
MBCs (SI Fig. 10) during immunization with the combination of adjuvants. However, a discernible increase in the MBCs was observed 
10

when both adjuvants were employed in combination, in contract to their individual use (SI Fig. 3). No significant differences in 
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Fig. 5. Antibody titer and antibody avidity index after the repeated immunization with OVA protein supplied with the combination of adjuvants. OVA 
specific (A) IgG, (B) IgG1, (C) IgG2c, (D) endpoint titer and, (E & F) antibody avidity index (AI) was measured by the indirect ELISA after each immunization (n=3 
mice/group) in immunization with OPR (Ovalbumin protein+ poly(I:C)+R848). The bar represents mean SD for each dose administered in each group at different 
dilutions. The P values were determined by comparing means using two-way analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test for IgG, 
IgG1 and IgG2c (between 1st dose and 3rd dose). ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234. For endpoint titer, p values were determined 
by comparing means using one-way ANOVA test followed by Tukey’s multiple comparison test.

the IgM-producing cells were observed among the experimental groups (here, OPR, OT-I, and OT-II) (SI Fig. 10D). Notably, the 
combined adjuvant approach yielded higher IgM levels compared to immunization with individual adjuvants (SI Fig. 3D). Our 
inference suggests that the combination of adjuvants holds the potential to influence IgM producing MBCs or DN MBCs, thereby 
contributing to formation of GC responses during recurrent infection or antigen immunization.

Furthermore, the investigation into these MBCs for IgG expression unveiled that the OPR group exhibited higher IgG production 
compared to the OT-I and OT-II groups (SI Fig. 11). The elevated IgG expression was notably observed in CD80+CD273+DP MBCs 
of the OPR group compared to other groups (SI Fig. 11A). TP MBCs exhibited increased IgG expression in all groups, with a slightly 
higher expression in the OPR group compared to OT-I and OT-II peptide-immunized mice (SI Fig. 11B). The heightened levels of IgG 
were observed in SP MBCs expressing CD80+ and CD273+. Importantly, such increased expression of IgG was not observed within 
individual adjuvant immunization (SI Fig. 11C and D). Additionally, the immunization of mice with CD8+ and CD4+T cell specific 
peptides generated the TP MBCs that expressed IgG. Both OT-I and OT-II groups demonstrated greater IgG secretion compared to 
the OPR group (SI Fig. 13). The prevalence of IgG expressing MBCs outnumbered their counterparts in the study conducted with 
individual adjuvant immunization (SI Fig. 3). This suggests that combination of adjuvant fosters the generation of IgG antibody-

secreting MBCs.

Analyzing the plasma/ASCs within the BMB cell pool after stimulation with the OVA Ag (Scheme 2), followed by immunization 
with the combination of adjuvants, we observed a transition from CD19+ to CD19-. CD138 expression was observed in all immunized 
groups, with OT-II and OPR suggesting enhanced expression across all CD19 populations (SI Fig. 12). All groups, except the control, 
exhibited higher IgG expression. CD138 expression in the early stage of CD19 transition was slightly higher in the OT-II group 
but was not statistically significant (SI Fig. 12A). The frequency of CD138 expression was higher in the OPR group compared to 
groups individually stimulated with poly(I:C) & R848 (Fig. 2A). Both the OPR and OT-II groups exhibited a higher propensity for 
IgG expression in activated plasma (SI Fig. 12B). Functionally mature ASCs lacking CD19 expression indicated that OPR showed 
the most substantial difference in IgG expression (SI Fig. 12C). The combination approach using both adjuvants played a crucial 
role in ASCs development, as the experimental groups (OPR, OT-I, and OT-II) exhibited IgG expression. CD138 expression on the 
CD19low population was driven by OT-II and OPR, mirroring the pattern observed in CD19+ cells (SI Fig. 12D). The distinct pattern 
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of individual IgG expression further highlights the marked difference of the OPR group compared to the other groups (SI Fig. 12E). 
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Fig. 6. The generation of IFN-𝛾 producing CTLs following the OVA and OT-I and OT-II peptide immunization: The circulating IFN-𝛾 producing CTLs specific to 
OVA-Ag was measured through ICS by stimulating with OVA specific OT-I & OT-II peptide. OVA-specific IFN-𝛾 producing A) CD8+ T cells, B) CD4+ T cells were seen 
in the periphery. The peripheral cells of OT-I and OT-II group were stimulated with their respective peptide (n=3 mice/group). The bar represents mean SD in each 
dose of the group) 10-12 days post last immunization. The P values were determined by comparing means using two-way analysis of variance (ANOVA) test followed 
by Tukey’s multiple comparison test. ****P<0.0001, ***P=0.0002, **P=0.021, *P=0.0332, ns=0.1234.

Our hypothesis is that the co-administration of poly(I:C) and R848 could enhance the generation of plasma cells or ASCs undergoing 
terminal differentiation, thereby promoting the production of IgG Abs.

The ex-vivo stimulation of spleen and BM cells from mice immunized with OVA (OPR and other groups), and the collected 
supernatant were then analyzed for OVA-specific IgG levels using indirect ELISA. We observed significant production of IgG in the 
stimulated cells of the experimental groups, particularly in OT-II group (SI Fig. 13). Notably, the detection of IgG in the supernatant 
from the spleen and BM of OT-II mice was significant. IgG expression was also observed to be higher in other groups, such as OT-I 
and OPR. Interestingly, the OPR group exhibited Ab expression similar to the OR group in the individual adjuvant immunization 
study in BM (SI Fig. 5B), but seen lesser in the spleen (SI Fig. 5A).

Our data suggested that the combination of adjuvants has an impact on the humoral immune response in the spleen and BM (SI 
Fig. 10 to 13). And, it seems to stimulate the signal to generate the MBCs, IgG antibodies, and terminally differentiated ASCs. The 
combined used of these adjuvants could produce the robust expression of IgG as compared to the immunization (against the OVA 
Ag) with adjuvant individually (in case of OVA, OP, and OR) (Fig. 2, and SI Fig. 3 to 5).

Here, we investigated the immune response of mice immunized with OPR and stimulated with peptides OT-I and OT-II, and 
found that upon stimulation with OT-I peptide, IFN-𝛾+CD8+ T cells in the peripheral blood was observed, whereas OT-II peptide 
failed to activate (SI Fig. 14A). Compared to the control and OT-I groups, a significant increase in IFN-𝛾 producing CD8+ T cells was 
observed in the OPR group (Fig. 6A and SI Fig. 14A). Additionally, mice immunized with OT-II peptide showed a phenotypically 
similar IFN-𝛾+CD8+ T cells to those in the OT-I immunized group (Fig. 6A). However, there was minimal difference in IFN-𝛾+CD8+

T cells between mice receiving OT-I immunization and those further stimulated with OT-I peptide ex vivo (SI Fig. 14A and Fig. 6A). 
The percentage of IFN-𝛾+CD4+T cells showed minimal variation among all experimental groups (Fig. 6B and SI Fig. 14B), with the 
control group showing some response, possibly due to environmental exposure.

Moreover, we observed a substantial elevation in the OPR group, revealing significantly heightened levels of circulating IFN-𝛾

producing CD8+ T cells specific to the OT-I peptide. Both OT-I and OT-II immunized groups showed activation against their respective 
peptides (Fig. 6A). The peptide-specific response of CD8+ T cells was higher in the OPR group when compared to individual 
adjuvant immunization (Fig. 3). Consistent outcomes were observed with IFN-𝛾 producing CD4+ T cells (Fig. 6B). Thus, our results 
demonstrate that the combined adjuvant approach effectively activates both IFN-𝛾 producing CD8+ and CD4+ T cells.

Having substantiated the heightened presence of circulating B and T cells, along with their Ag-specificity, our subsequent in-

vestigation focused on dealing the OVA-specific immune response within the SLOs. This aspect is pivotal for mounting an effective 
defense against potential reinfection/challenge. Mice were euthanized 14-day post third immunization, and ex-vivo stimulation with 
OVA and its peptides (OT-I and OT-II) was performed to assess the Ag-specific T cell responses (Scheme 3) (Fig. 7, SI Fig. 15 to 17).

Our results revealed that the OPR group exhibited a significantly higher IFN-𝛾+CD8+T cells compared to other groups, with OT-I 
(only) peptide stimulation alone inducing the observed immune response (Fig. 7A and 8A).

Interestingly, in a combinational approach, the IFN-𝛾+CD8+T cell response within the OPR group remained comparable to that 
observed in the groups subjected to individual adjuvant immunizations (Fig. 4A). Stimulation with OVA-Ag failed to generate any 
IFN-𝛾 producing CD8+ T cells in most groups (10 μg/ml; stimulation for a total of 12 h, BFA treatment for last 10 h) (Fig. 8A and SI 
Fig. 15), except for a slight change observed in the OT-II group. However, upon stimulation of LN cells with OVA, an OVA-specific 
12

response targeting to CD8+ T cells was evident, particularly in the OT-II peptide immunization group (Fig. 6A). Mice immunized with 
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Fig. 7. A: IFN-𝛾 producing CD8+ T cell in the LN of OVA and OT-I & OT-II peptide immunized mice following OVA-peptide (OT-I alone and OT-I & OT-II 
combined) stimulation: Single cell suspension of LN cells (14 days post last immunization) was prepared as mentioned earlier, and seeded with 1-1.5X106 cells/well 
in 96-well ‘V’ bottom plate. Cells were stimulated with OVA-Ag specific OT-I peptide (10 μg/ml) alone and peptide combination of OT-I & OT-II peptide (10 μg/ml

each) for 8 to 10 h in presence of BFA. Intracellular staining (ICS) was performed and the fraction of IFN-𝛾+CD8+T cells was determined by flow cytometry (AttenuX 
-ThermoFisher Scientific) and compared to control group (event count=1,00,000). One representative of each group was presented in the form of contour plots. 
Dots accounts for events falling outside of the lowest contour and drawn with dots (N=3 mice/group). B: IFN-𝛾 producing CD8+ T cell in the spleen following 
OVA-peptide (OT-I alone and OT-I & OT-II combined) stimulation (10 μg/ml) in OVA and OT-I & OT-II peptide immunized mice: Spleen cells of OVA & 
OT-I and OT-II peptide immunized mice (after 3rd dose) were stimulated with OT-I peptide (10 μg/ml) alone and peptide combination of OT-I & OT-II peptide 
(10 μg/ml each) for 8 to 10 h in presence of BFA and intracellular staining (ICS) was performed to check the proliferation of IFN-𝛾 with compared to control group 
(event=1,00,000/sample).

the OT-I peptide also generated non-significant CTLs responses. As anticipated, the OPR group consistently generated IFN-𝛾+CD8+T 
cells, signifying the activation of CD8 T cells by the protein Ag. This activation process involves the processing and presentation 
of the Ag, and triggering the induction of the CTL responses. Furthermore, we scrutinized the CTL response in splenocytes upon 
stimulation with OVA-Ag and OVA-specific peptides (Fig. 7B, 8C, and 8D; SI Fig. 16 & 17).

It demonstrated efficient activation of IFN-𝛾 secreting CD8+ T cells in the OPR group (Fig. 8C and SI Fig. 16), mirroring the 
outcome of individual adjuvant immunization (Fig. 4C). The OT-I and OT-II peptide immunized groups exhibited Ag-specific T cell 
responses with negligible variations. Additionally, we assessed the impact of OVA-specific peptides (OT-I and OT-II), and stimulation 
with OT-I peptide alone induced a noteworthy Ag-specific CD8+ T cell response in the OPR group (Fig. 8C). A comparable CTL 
response was evident in the OT-I group, where mice were immunized with the OT-I peptide (Fig. 8C).

Moreover, a similar response to OT-I peptide stimulation was observed in the OPR group when both OT-I & OT-II peptides were 
used in the study. However, OT-II peptide alone failed to activate the CMI in the same OPR group (Fig. 7B and 8C). Likewise, when 
OT-II peptide immunized mice were stimulated with OT-II peptide, producing Ag-specific T cell that suggested the specificity of OT-II 
peptide to the CD4+ T cells.

Furthermore, we assessed IFN-𝛾 producing CD4+ T cells (Fig. 8B & D, SI Fig. 17) and found minimal differences in LN between 
OVA- and OVA-peptide immunized mice (Fig. 8B). Splenocytes from the OPR, OT-I, and OT-II groups demonstrated the generation 
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of IFN-𝛾 producing CD4+ T cells compared to the unstimulated controls. However, this was not observed in the individual adjuvant 
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Fig. 7. (continued)

approach (Fig. 4). Additionally, mice immunized with individual OT-I and OT-II peptides produced IFN-𝛾+CD4+ T cells (Fig. 8D 
and SI Fig. 17). The OPR group demonstrated the ability to generate Ag-specific CD4+ T cell responses regardless of the presence 
of OVA-Ag or its peptides alone or in combination. In summary, our study illustrated that the combination of poly(I:C) and R848 
activates both CD4+ and CD8+ T cells, thereby eliciting cell-mediate immunity in the OVA Ag stimulated cells.

4. Discussion

B and T cells play pivotal roles in the immune response against infectious and inflammatory conditions. Cytotoxic T lymphocytes 
(CTLs) are crucial for eradicating intracellular infections like viruses or parasites and mobilize immune effectors in recurring infec-

tions. While cell-mediated immune (CMI) responses are essential for pathogen protection, vaccine trials have traditionally focused 
on eliciting neutralizing antibodies through B cell responses [19]. Overcoming challenges in vaccine development, the discovery of 
synthetic ‘adjuvants’ has emerged, resulting in the licensure of various adjuvants for vaccine formulations [13,14].

Combining TLR7/8 agonists with TLR4 has shown improved immune responses, including heightened IL-12 production in in vitro

models [41] and enhanced memory CD8 T-cell responses against a peptide cancer antigen [42]. The combination of TLR7/8 and 
TLR9 agonists increased antibody titters against the protein immunogen of HIV-1 envelope gp140 in nonhuman primates [43]. Alum, 
DOTAP (1,2-dioleoyl-3-trimethylammonium propane), and D35, when used in combination, induce a potent T cell and antibody 
responses against a protein Ag [18]. MPL and poly(I:C) demonstrated the induction of CMI by generating Ag-specific T cell responses, 
enhancing APC stimulation, and improving antibody production [19].

These findings highlight the potential synergistic interactions among different TLR agonists to enhance immune responses, em-

phasizing the need for careful selection of adjuvants that can activate both humoral and cell-mediated immune responses against 
intracellular viral pathogens. Poly(I:C) adjuvanted vaccines exhibited promising results in the preclinical and clinical trials, show-

ing the enhanced antibody and improved cellular immune responses [44]. R848, known to activate B cells, promotes their growth, 
differentiation, and antibody production [45]. It induces the production of IL-6, IL-10, and IL-12 through the interaction between B 
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and T cells. Additionally, R848 stimulates B-cell division and differentiation in mouse splenic cultures and purified human B cells, 
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Fig. 8. The analysis of IFN-𝛾 producing T cells (CD8+& CD4+) in LN (A, B) spleen (C, D) cells of OVA immunized mice following OT-I & II peptide and 
OVA protein stimulation (n=3 mice/group): The bar indicates data in the form of mean SD in each dose administered in all groups. The P values were determined 
by comparing means using two-way analysis of variance (ANOVA) test followed by Tukey’s multiple comparison test. ****P<0.0001, ***P=0.0002, **P=0.021, 
*P=0.0332, ns=0.1234.

with a significant impact on various B cell subsets [45]. Through APCs (DCs and macrophages), R848 indirectly stimulates T cells, 
enhancing antigen-specific responses [46]. Clinical trials are underway to evaluate R848-adjuvanted vaccines, demonstrating efficacy 
in preclinical models [47]. Considering various vaccine types, subunit, recombinant, and protein vaccines are generally safe but may 
require adjuvants, multiple doses, or booster shots for long-lasting immunity [48,49].

The combination of poly(I:C) and R848 has the potential to exhibit synergistic effects, particularly enhancing both HMI and CMI 
when applied to a protein-Ag based subunit vaccine. This study highlights notable findings related to the development of typical 
B cells, ASCs, CD138+ plasma cells, and the generation of antigen-specific IFN-𝛾+ producing CD8+ T cells. The OVA protein is 
employed as a model antigen in this study due to its ability to engage various immune mechanisms [50–53].

The generation of antigen-specific antibody (Ab) responses is pivotal for effective vaccine development. Our investigation into 
OVA-specific IgG across various adjuvant settings, including individual adjuvants (OVA, OP, OR) and the combination of OP and OR 
(OPR), revealed that all adjuvant settings induced OVA-specific IgG (Fig. 1), with the combination showing higher Ab titer (Fig. 5). 
Moreover, it also suggested that repeated immunizations successfully generated OVA-specific IgG titres in the adjuvant-based group, 
required for a successful vaccine [19,54]. As other’s [55–57], our data on Ab-avidity indicated that the combined adjuvants drive 
the higher Ab titers and AI, indicating an augmented immune response. A subset of GC B cells can differentiate into MBCs or long-

lived plasma cells (LLPCs) when their affinities for the Ag is sufficiently high [58]. MBCs can be identified by the expression of 
CD80, PD-L2 (CD273), and CD73, rather than their BCR isotypes [39,59,60]. To investigate the effect on cells in the spleen and BM, 
known as B cell reservoirs, we performed ex vivo OVA-Ag stimulation post 14-day of third immunization. No significant changes 
were observed in any of the MBC subsets in the spleen (SI Fig. 3, and 10). While the MBCs remain unchanged, the frequency of 
all MBCs was higher in the OPR group, potentially due to the synergistic action of both adjuvants used (SI Fig. 10). CD80-CD273-

DN MBCs, which predominantly express IgM and have a low affinity for the Ag, are thought to play a role in the formation of GC 
15

during reinfection or subsequent (booster) immunization [39,61]. Therefore, we investigated the status of IgM-expressing DN MBCs 
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and observed a similar pattern to that of other MBCs (SI Fig. 3D and 10D). A slight increase was observed in the OVA-only and OP 
groups, while a larger frequency was seen in the combination (OPR) settings. This is of importance as poly(I:C) may play a role in 
the establishment of GC. Repeated immunization, particularly with the OPR settings, resulted in the generation of IgM-expressing DN 
MBCs, which have been shown to confer protection against malaria infection when expressing granzyme B [62]. Furthermore, these 
IgM-expressing MBCs are capable of producing the class-switched antibodies upon re-challenge with Plasmodium berghei infection 
[63], and generating merozoite-specific IgM, targeting the asexual blood stage infection of P. falciparum [64]. Considering the 
importance of IgG in clearing infectious pathogens, it was imperative to assess its expression on MBCs. Our data indicated that the 
combination of adjuvants (OPR) increased IgG expression on all types of MBCs (SI Fig. 11), including SP MBCs (CD80+IgG+ & 
CD273+IgG+), compared to individual adjuvants (OP and OR) (SI Fig. 3). These results support previous studies suggesting that 
DP and TP MBCs differentiate into plasma cells expressing IgG [39,60,61]. Our data confirmed that ex-vivo stimulation of cells from 
mice receiving the combination of adjuvants (OPR) immunization resulted in the development of IgG expressing MBCs.

LLPCs are pivotal in sustaining enduring long-lasting antibody levels, crucial for host defense against infectious pathogens. LLPCs 
continuously secrete antibodies, while MBCs necessitate reactivation for optimal antibody production. LLPCs, with a lifespan span-

ning months to decades in the BM [40,65] were evaluated via ex-vivo stimulation of cells collected from immunized animals. Recent 
human studies propose that stable and pro-survival mature phenotypes of LLPCs lack CD19 expression (CD19-) compared to the 
CD19+, potentially elucidating the long-term memory retention of memory plasma cells [66,67]. Hence, we assessed LLPCs/ASCs 
expressing CD138 and IgG across distinct CD19 populations (CD19+, CD19low and CD19-) [68]. CD138 and IgG expression affirmed 
the influence of R848 in individual adjuvant studies; with the OR group demonstrating higher expression than other groups (Fig. 2). 
Furthermore, the combination of adjuvants (OPR) exhibited significant differences in IgG expression in fully developed ASCs and the 
CD19low cells (SI Fig. 12). CD138 expression was observed across various CD19 populations in peptide-immunized mice, suggesting 
the potential importance of T and B cell interaction in LLPCs development. Specific TLRs may play specialised roles in CD40 sig-

nalling or with BCR, which are necessary for the expression of MBC markers such as CD73 and CD80 [61,69]. Combinations of TLR3, 
TLR4, or TLR9 promote activation and proliferation, whereas TLR4 & TLR7 favour ASCs generation [70]. These findings suggest 
that IgM+ and IgG+ MBCs persist as quiescent cells indefinitely [71], and naïve B cells with high-avidity Ag receptors can produce 
persistent IgM+ and transient IgG+ MBC [72]. This supports the generation of MBCs, their IgG expression, and the formation of 
LLPCs/ASCs in the spleen and BM of immunized mice.

To assess IgG secretion, we analysed the supernatant of ex-vivo stimulated cells from immunized mice. Our data revealed that 
both individual adjuvants (SI Fig. 5) and their combination (SI Fig. 13) facilitated IgG secretion. Moreover, peptide-immunized 
mice demonstrated the capacity for IgG secretion, indicating the potential importance of peptide immunization in Ag-specific B cell 
development. Similar to others [73], we propose that the immune-complex (IC) may stimulate and differentiate naïve B cells into 
antibody-producing plasma cells.

CD8+ T cells are reported to defend the host from the attack emanated from a variety of diseases in rodents, primates, and 
humans [74–76]. Thus, we first investigated the presence of circulating INF-𝛾 producing CD8+T cells in mouse periphery. Our result 
revealed the pivotal role of poly(I:C) in generating INF-𝛾+CD8+T cells in the OP group (Fig. 3). Additionally, the combination of 
adjuvants (OPR) exhibited significant T cell expression when stimulation with OT-I peptide (Fig. 6A and SI Fig. 14A). Consistent 
to other’s findings [19,25,77], our data suggests that poly(I:C) may induce CD8+ T cells. Surprisingly, OT-II peptide, non-specific 
to CD8 T cells, elicited the production of INF-𝛾+CD8+T cells in OT-II immunized mice. Analysis of INF-𝛾+CD4+T cells showed 
insignificant differences in LN between OVA- and OVA-peptide immunized mice (Fig. 6B and SI Fig. 14B). Our data indicated the 
presence of OVA-specific IFN-𝛾+CD4+ T in the circulation of OVA immunized mice. However, the OT-I peptide did not directly 
stimulate CD4+ T cells due to its specificity for CD8+ T cells. Ex-vivo stimulation of LN and spleen cells effectively generated Ag-

specific INF-𝛾 producing CD8+ T cells in response to OT-I & OT-II peptides (Fig. 4A, SI Fig. 8A) and OVA stimulation (Fig. 4C, SI 
Fig. 9), respectively, in the OP group. Stimulation with both peptides (OPR group) showed a response akin to that seen with the OT-I 
peptide, while stimulation with OVA protein failed to induce CD8+T cells in the LN (Fig. 7A, 18A, and SI Fig. 15). The CD8+T cells 
specific to OVA-Ag in the spleen exhibited elevated level of IFN-𝛾 production in the OPR group compared to other groups (Fig. 7B, 
18C, and SI Fig. 14). The reported protective role of IFN-𝛾 against malaria [78,79] and viral infections [80] as well as cancer [76]

underscores its significance. The presence of memory T cells, similar to the B cells, is crucial for the durable and robust immune 
response [81]. It is believed that some CD8 T cells may have memory like phenotypes among IFN-𝛾+ CD8+ T cells and IFN-𝛾 may 
be their source [81,82].

Our study demonstrates that the combination of the adjuvants is more effective than the individual adjuvants (Fig. 4B and D, SI 
Fig. 8B) in activating the Ag-specific CD4+ T cells in the spleen (Fig. 8D, SI Fig. 17). Stimulation with OT-I peptide resulted in the 
generation of CD8+T cells from splenocytes of OT-I immunized mice, while OT-II stimulation did not induce CD8+T cell production 
(Fig. 8B). However, both groups exhibited successful activation of CD4+ T cells upon OVA-Ag stimulation (Fig. 8D), suggesting 
cooperation among CD4 T cells drive their activation [83]. Various factors, including ex-vivo and in-vitro stimulation conditions and 
cytokine accumulation, may influence IFN-𝛾/multifunctional CD4 T cell production [84], contributing to the observed reduction in 
CD4+ T cell response.

Understanding adjuvant efficacy in protein/subunit vaccine is crucial for unravelling the role of B cells in activating CD8+ T 
cell during malaria infection. While subunit vaccines hold an importance for infectious pathogens such as malaria, investigating the 
interplay between B and T cells is imperative.

Ag characteristics (monovalent or multivalent, folding stability) [85,86] and the mouse model used (C57BL/6 and Balb/C) [87,88]

should be considered as they can impact adjuvant performance. The immunophenotyping of B cells based solely on CD138 and IgG 
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markers can be considered as a limitation of this study since it may not provide a comprehensive characterization of different B 
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cell subsets. The addition of new surface markers could differentiate the B cell populations. We did not observe any harmful effects, 
but a thorough analysis of potential local and systemic toxicity associated with the adjuvant combinations is indeed imperative. 
Additionally, a comprehensive comparison of Th1, Th2, and Th17 responses with different adjuvant combinations is required for a 
better understanding of immune status in infectious disease pathogenesis.

5. Conclusions

Significance of poly(I:C) and R848 as “adjuvants” to enhance B and T cell responses against the protein Ag could be important for 
eliciting immune response. The combination of these adjuvants could be important to develop an effective vaccine for the infectious 
diseases such as malaria. The compounded impact of poly(I:C) and R848 in combination could elicit the robust and enduring immune 
response. These adjuvants may be useful for designing the vaccines for inducing robust and long-lasting protection. In the end, we 
believe this adjuvant system may be used to stimulate the malaria antigens specific immune response.
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