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A B S T R A C T   

To better understand the role of pHsp90 adjuvant in immune response modulation, we proposed the use of the 
Receptor Binding Domain (RBD) of the Spike protein of SARS-CoV2, the principal candidate in the design of 
subunit vaccines. We evaluated the humoral and cellular immune responses against RBD through the strategy 
“protein mixture” (Adjuvant + Antigen). The rRBD adjuvanted with rAtHsp81.2 group showed a higher increase 
of the anti-rRBD IgG1, while the rRBD adjuvanted with rNbHsp90.3 group showed a significant increase in anti- 
rRBD IgG2b/2a. These results were consistent with the cellular immune response analysis. Spleen cell cultures 
from rRBD + rNbHsp90.3-immunized mice showed significantly increased IFN-γ production. In contrast, spleen 
cell cultures from rRBD + rAtHsp81.2-immunized mice showed significantly increased IL-4 levels. Finally, 
vaccines adjuvanted with rNbHsp90.3 induced higher neutralizing antibody responses compared to those 
adjuvanted with rAtHsp81.2. To know whether both chaperones must form complexes to generate an effective 
immune response, we performed co-immunoprecipitation (co-IP) assays. The results indicated that the greater 
neutralizing capacity observed in the rRBD adjuvanted with rNbHsp90.3 group would be given by the rRBD- 
rNbHsp90.3 interaction rather than by the quality of the immune response triggered by the adjuvants. These 
results, together with our previous results, provide a comparative benchmark of these two novel and safe vaccine 
adjuvants for their capacity to stimulate immunity to a subunit vaccine, demonstrating the capacity of adju
vanted SARS-CoV2 subunit vaccines. Furthermore, these results revealed differences in the ability to modulate 
the immune response between these two pHsp90s, highlighting the importance of adjuvant selection for future 
rational vaccine and adjuvant design.   

1. Introduction 

During the pandemic of COVID-19, scientists showed that vaccina
tion is one of the most promising actions to prevent infectious diseases 
that affect human health [1]. At record-breaking speed, the scientific 
community has worked jointly to develop different vaccine formulations 

that contribute to the protection of humanity [2]. However, some needs 
persist to improve existing vaccines or produce new ones that guarantee 
the vaccination of the entire world population with democratic and 
broad access, especially in emerging countries. Likewise, the appearance 
of new variants continues today, and the rational design of vaccines that 
adapt to these new COVID-19 variants or those that may arise in the 
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future will continue to be essential to achieve greater efficacy and a 
long-lasting period of protection [3]. Therefore, it is clear that the future 
challenge is to design a wide variety of alternatives to anti-COVID-19 
vaccines or vaccination strategies that guarantee high tolerability and 
low side effects while avoiding reactogenicity. In this regard, subunit 
vaccines based on recombinant proteins or peptides are much safer due 
to they do not contain any pathogenic components and do not cause 
undesirable side effects [4]. However, they tend to be less immunogenic. 
For this reason, the immunogenic capacity of the subunit vaccines 
should be improved by using appropriate adjuvants in the vaccine [1]. 

Adjuvants not only enhance the immunogenic capacity of the vac
cine formulation but also contribute to decreasing the amount of antigen 
needed for each vaccine dose or reducing the number of vaccine doses 
[5]. In addition, adjuvants stimulate a Th2-biased immune response, 
enhancing antibody production [6]. In this sense, the Hsp90s have been 
extensively studied, and their immunomodulatory properties have 
contributed significantly to improving vaccine design against infectious 
diseases caused by intracellular pathogens [7]. The HSP90s from bac
teria, parasites, and mammals even from plants have been used as ad
juvants in vaccine formulations, such as fusion proteins, complexes 
peptides/HSP90, or as mixtures of peptides + HSP90 [8]. Although the 
most used strategies in the design of vaccines based on HSP90 as adju
vants consist of the covalent union or formation of a union complex 
between the antigenic peptides and these chaperones, the mix of the 
HSP90 with the antigens of interest is a valuable strategy [9–14]. Several 
works showed that antigenic peptides + HSP90 administration as a 
mixture can modulate the humoral and cellular immune responses 
produced against the antigens, improving protection against intracel
lular pathogens such as parasites and viruses [8,13,15–17]. Recently, 
results obtained by our group showed that different Hsp90 isoforms 
derived from plants differentially modulate immune response profiles. 
We observed that the Hsp90 fused to the peptide would elicit a Th1 
immune response, while the mixture of Hsp90 + peptide induces a Th1/ 
Th2 immune response against the antigens [7,14,17]. Hsp90 from plants 
has the advantage of being a safe source with which humans have per
manent contact. However, this advantage over other adjuvant systems 
still requires a greater understanding of the role and capabilities of plant 
Hsp90 (pHsp90) in immune response modulation. This result implies an 
increase in the number of vaccine models. Taking advantage of the fact 
that SARS-CoV2 is still a permanent infection in the world and a model 
of how the generation of alternative vaccines allowed us to control the 
effects of this pandemic, here, we propose the use of a short version of 
the Receptor Binding Domain (RBD) of the Spike protein of SARS-CoV2, 
the main candidate in the development of subunit vaccines. We evalu
ated humoral and cellular immune responses against RBD through the 
strategy “protein mixture” (adjuvants + antigens). Furthermore, in this 
work, we analyzed the potential of the different formulations studied to 
neutralize viral infections. 

2. Materials and methods 

2.1. Plasmid construction Receptor Binding Domain 

The Receptor Binding Domain (RBD), residues 401 to 541, from 
Spike protein was reported of SARS-CoV2 Wuham to isolate Wuhan-Hu- 
1, complete genome, NCBI, No. Accession 6XR8_A [18]. The RBD gene 
was synthesized and codon-optimized by GenScript Company (USA) and 
cloned into a 6xHis-pRSET-A expression plasmid to obtain the construct 
pRSET-A-RBD. 

2.2. Expression and purification of recombinant RBD 

The expression of recombinant RBD was induced with 1 mM iso
propyl-β-d-thiogalactoside (IPTG) for 6 h and soluble RBD was purified 
using a nitrilotriacetic acid-Ni2 + column (Qiagen) [19]. In previous 
works, we observed that the treatment of recombinant antigens with 

endotoxin removal polymyxin B resin does not modify the humoral and 
cellular immune response profiles in comparison with untreated re
combinant antigens [14,17,19]. The concentration of LPS detected in 
the recombinant proteins was lower than 5 ng/ml [14,17,19]. Therefore, 
the purification of the recombinant AtHsp81.2 and NbHsp90.3 was 
performed under native conditions as mentioned in Bengoa-Luoni et al. 
[17]. 

2.3. Mice and vaccination 

Male and female C57BL/6 (H-2b) 8-week-old mice were purchased 
from the FCEyN-UBA bioterium (Facultad de Exactas y Naturales of 
Universidad Nacional de Buenos Aires). For immunization, mice were 
randomly grouped into seven groups: Group rNbHsp90.3: 6 µg of 
rNbHsp90.3; Group rRBD + rNbHsp81.2: 4 µg of rRBD mixed with 6 µg 
of rAtHsp81.2, Group rRBD + rNbHsp90.3: 4 µg of rRBD mixed with 6 µg 
of rNbHsp90.3, Group PBS (negative control) and Group rRBD + Alum 
(positive control): 4 µg of rRBD mixed with 0.5 mg of Aluminum hy
droxide. We followed the guide for the care and use of laboratory ani
mals of Universidad Nacional de General San Martín (CICUAE, IIBIO- 
UNSAM). The mice had access to food and water ad libitum and were 
kept in breeding rooms at 22 ◦C, with a photoperiod of 12 light hours. 

2.4. Antibody response and isotype determination 

rRBD-specific antibodies were analyzed by indirect ELISA as previ
ously described [13,19]. Sera were obtained from the immunized mice 
at 0-, 21-, 42-, 63-, 84-, and 105- days post-first immunization. Briefly, 
96-well ELISA plates (ExtraGENE) were coated with 5 µg/ml rRBD at 
4 ◦C overnight. For the IgGt determination, rat anti-IgGt-horseradish 
peroxidase conjugate (Cell Signaling Technology Inc) was used as a 
secondary antibody. For the isotype determination, rat anti-mouse IgG1- 
, IgG2b, or IgG2a-horseradish peroxidase conjugates (Sigma-Aldrich) 
were used. Immune complexes were revealed using tetramethyl- 
benzidine substrate (TMB; Invitrogen). Plates were read at 655 nm 
with an ELISA reader (Synergy H1; Bio-Tek). All samples were measured 
by duplicate. 

2.5. Cytokine analysis 

Supernatants from splenocyte cultures obtained from immunized 
mice (2–4 mice per group) at 126 days post-first immunization were 
analyzed to determine the cytokine production as described in Cor
igliano et al. [20]. Briefly, 2 x 106 cells/well were stimulated with 10 µg/ 
ml of rRBD. As a non-stimulation control, cells were cultured in only a 
medium. The production of IL-4 and IL-10 was measured in the super
natants at 48 h post-stimulation, while the production of IFN-γ was 
measured at 72 h post-stimulation by capture ELISA kits (Becton 
Dickinson). 

2.6. Co-Immunoprecipitation (Co-IP) 

Co-IP assays were performed as described in Vanagas et al. [21]. 
Briefly, an equimolar mixture of rRBD + rAtHsp81.2, rRBD +

rNbHsp90.3, or rRBD alone was incubated with protein A/G Plusagarose 
(sc-2003, Santa Cruz). Immunocomplexes were first washed with 
washing buffer I (50 mM Tris, pH 8, 200 mM NaCl and 0.05 % Ige
pal100), then were washed with buffer II (50 mM Tris, pH 8, 300 
mMNaCl and 0.05 % Igepal100), and finally were washed with buffer TE 
(10 mM Tris, pH 8, 1 mM EDTA. The pellet was resuspended in the SDS- 
PAGE loading buffer. Samples were loaded in a 12 % SDS-PAGE gel for 
immunoblotting. A protease inhibitor cocktail (Sigma) was included in 
every step. 
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2.7. Pseudovirus neutralization assay 

Neutralization assays were performed using pseudotyped lentivi
ruses carrying the Spike protein of SARS-CoV-2 [22,23]. These viruses 
were generated by co-transfection of HEK293T cells with the plasmids 
pCMV14-3X-Flag-SARS-CoV-2 S (gifted by Zhaohui Qian, Addgene 
plasmid #145780), psPAX2 (gifted by Didier Trono, Addgene plasmid 
#12260), and pLentipuro3/TO/V5-GW/EGFP-Firefly Luciferase (gifted 
by Ethan Abel, Addgene plasmid #119816). Transfected cells were 
cultured for 48 h in DMEM supplemented with 10 % FBS and 1 % 
PenStrep at 37 ◦C and 5 % CO2. The supernatant containing viral par
ticles was collected at 24 and 48 h and subsequently filtered through a 
0.45-µm filter (Millipore). The viral particles were concentrated by 
centrifugation at 3000 x g overnight at 4 ◦C and the pellet was resus
pended in DMEM. HEK293T cells constitutively ex-pressing human 
angiotensin-converting enzyme 2 (HEK293-hACE2) were used for the 
neutralization assay. One day before the assay, HEK293-hACE2 cells 
were seeded in 50 µl of medium in 96-well plates. Serial dilutions of sera 
(from 1/80 to 1/1280) were prepared in separate 96-well plates and 
incubated with the SARS-CoV-2 pseudotype virus for 1 h at 37 ◦C. Serum 
dilutions of the virus were added to each well of a 96-well plate and 
inoculated for 30 min at 400 × g. After 48 h, transduction efficiency was 
determined via luciferase activity. Transduced cells were lysed by add
ing 50 µl of 2× lysis buffer (25 mM Tris hydrochloride pH 8, 2 mM 
EDTA, 2 mM DTT, 1 % Triton X-100, and 10 % glycerol) and incubated 
for 10 min with agitation. Twenty µl of the cell lysate was transferred to 
a black 96-well FluoroNunc plate. One hundred µl of the reaction buffer 
containing luciferase substrate (25 mM Tricine hydrochloride pH 7.8, 
0.05 mM coenzyme A, 3.3 mM DTT, 1 mg/mL BSA, 5 mM magnesium 

sulfate, 0.5 mM ATP pH ~7–8 (Sigma-Aldrich), 0.5 mM EDTA pH 8.0, 
0.05 mg/mL D-luciferin (Gold Biotechnology)) was added to initiate the 
reaction. Luminescence was quantified using a microplate reader (DTX 
880; Beckman Coulter). The luciferase units were graphed and stan
dardized within Prism (GraphPad) by setting a baseline value using cells 
alone as zero and a maximum value of 100 % using a 1:2 virus-alone 
ratio. IC50 values were determined from curve fitting through 
nonlinear regression of log(inhibitor) against the normalized response. 

2.8. Statistical analysis 

Statistical analysis was generated using the Prism 5.0 Software 
(GraphPad). Two-way analysis of variance (ANOVA) was used to 
compare experimental groups with control groups. The values of sig
nificance were p < 0.5. 

3. Results 

3.1. The novel immune potent recombinant plant Hsp90 adjuvanted anti- 
COVID-19 vaccine, inducing RBD-specific antibodies in mice 

Previously, Jangra et al. [24] showed that the monomeric SARS- 
CoV2 spike protein receptor binding domain (RBD) has lower immu
nogenicity than the full-length spike (S) protein. Therefore, we selected 
RBD as an antigen for a better understanding of differentiated immune 
responses triggered by novel plant HSP90 (pHSP90) adjuvants. The RBD 
contains the region of the S protein, which binds to the human ACE2 
receptor (hACE2) and allows viral entry. Furthermore, RBD has most 
epitopes targeted by neutralizing antibodies (nAbs) and multiple T-cell 

Fig. 1. The solubilized and purified Arabidopsis thaliana Hsp81.2 (AtHsp81.2), Nicotiana benthamiana Hsp90.3 (NbHsp90.3), and RBD recombinant proteins. A. The 
complete amino acid sequence of the Spike glycoprotein according to ACCESSION 6XR8_A (National Institutes of Health, National Center for Biotechnology In
formation database)46. The red letter indicates the region cloned to generate rRBD. Highlighted in gray is the ACE2 receptor binding RBD region52. Highlighted in 
yellow is the signal peptide. Highlighted in blue is the cleavage recognition sequence. B. SDS-PAGE analysis under reducing conditions of rAtHsp81.2 and 
rNbHsp90.3 expressed and purified from E. coli Rosetta (DE3) pLys S. C. SDS-PAGE analysis under reducing conditions of rRBD motif expressed and purified from 
E. coli BL21 pLys S. D. C57BL/6 females and males mice were injected intramuscularly with four µg of rRBD alone (rRBD group) or formulated with six µg of 
rAtHsp81.2 (rRBD + rAtHsp81.2 group) or rNbHsp90.3 (rRBD + rNbHsp90.3 group) or with 0.5 mg of alum (rRBD + alum group) or PBS 1X (PBS group). MW: 
prestained molecular weight protein marker. Fig. 1A was created with BioRender.com. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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response epitopes [25–27]. 
The advantage of the recombinant protein strategy is that the region 

expressed can be chosen, minimizing undesirable regions. At the 
beginning of the project, it was still unknown whether undesirable 
epitopes of the spike protein could induce adverse immune responses. 
Therefore, we selected a minimal region containing the Receptor Bind
ing Motif (RBM) that can efficiently generate neutralizing antibodies. In 
this way, we could reduce undesirable effects if they exist. Fig. 1a shows 
the expressed RBD region (V401 to F541), which includes the ACE2 
binding site (RBM) flanked by 32 and 30 residues at N- and C-terminal 
regions, respectively (Fig. 1A). The solubilized and purified Arabidopsis 
thaliana Hsp81.2 (AtHsp81.2), Nicotiana benthamiana Hsp90.3 
(NbHsp90.3), and RBD recombinant proteins were observed in the pu
rified fraction of SDS-PAGE (Fig. 1B and 1C). To evaluate whether 
rAtHsp81.2 and rNbHsp90.3 increase rRBD immunogenicity and 
modulate humoral response profile, we immunized C57BL/6J mice 
intramuscularly (i.m.) with 4 µg per mouse of rRBD formulated with 6 µg 
per mouse of rAtHsp81.2 or rNbHsp90.3 at Days 0 and 21 (Fig. 1D). Mice 
in the control groups received only rRBD (4 µg), only adjuvant (6 µg) or 
PBS. We immunized a seventh group with rRBD (6 µg) + alum (0.5 mg) 
as a positive control group. The doses used are in the range of those used 
by us in previous studies to evaluate the adjuvant capacity of pHsp90 
[14,20] as well as those used for immunizations with Spike antigen as 
described [22,28,29]. 

After each injection and during 105 days at 21 interval-days, blood 

was collected and analyzed by an enzyme-linked immunosorbent assay 
(ELISA) using rRBD (Fig. 2A). Mice immunized with rRBD formulated 
with rAtHsp81.2 or rNbHsp90.3 adjuvants induced serum rRBD-specific 
IgG 42 days after the second immunization (Fig. 2B), with significantly 
higher IgG in groups that received adjuvanted versus unadjuvanted 
antigen. Notably, adjuvanted rRBD with alum induced lower antigen- 
specific IgG than adjuvanted antigen with pHsp90 (Fig. 2B). Interest
ingly, female and male mice immunized with rRBD + rpHsp90s did not 
show differences in the levels of anti-rRBD IgG. However, rRBD + alum- 
immunized female mice showed lower anti-rRBD IgG levels than male 
mice immunized with this formulation (Fig. 2C and 2D). In addition, 
control groups showed minimal antigen-specific IgG. 

To analyze the type of profile of the induced humoral response, we 
measured the subtypes IgG2b, IgG2a, and IgG1 at day 84 post-first im
munization as a representation of Th1 and Th2-type responses, respec
tively (Fig. 3A). Similar to other experiences, alum promotes a higher 
IgG1 response compared to IgG2 [30]. On the other hand, although we 
did not observe differences in IgGt levels between both rpHsp90s, we 
noted a different profile regarding the levels of IgG2a/IgG2b and IgG1 
induced by these adjuvants (Fig. 3B–D). Interestingly, whereas 
rAtHsp81.2 induced high levels of IgG1 compared to rNbHsp90.3 and 
non-adjuvanted RBD (Fig. 3B), rNbHsp90.3 induced high levels of 
IgG2a/b, suggesting a Th1-biased immune response (Fig. 3C and D). 
Likewise, analyzing the ratio of IgG1 vs IgG2 levels, alum induces a Th2- 
type response, while AtHsp81.2 induces a mixed Th1/Th2-type 
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Fig. 2. Two immunizations with rRBD adjuvanted with rAtHsp81.2 or rNbHsp90.3 are sufficient to induce a robust IgG total response in both female and male mice. 
A. Study design including vaccination, sampling time points, and ELISA. The vaccination was performed twice at 21-day intervals via intramuscular route. Blood 
samples were collected at 0-, 21-, 42-, 63-, 84-, and 105-days post-vaccination in mice for serological assays. B-D. rRBD-specific IgG levels in both female and male 
mice (B), in female mice (C) and male mice (D). Data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA with Tukey’s 
multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001 shown only for rAtHsp81.2/rNbHsp90.3/Alum + rRBD compared to other 
goups. Fig. 2A was created with BioRender.com. A representative experiment of 3 independent replicates with similar results is shown. 
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response, and NbHsp90.3 induces a Th1-type immune response 
(Fig. 3B–D). 

3.2. RBD immunization with different recombinant plant Hsp90 
adjuvants induces a distinctive profile of cytokines 

To evaluate the cellular immune response induced by vaccination, 
we immunized five groups as follows: two groups of four mice each 
received rRBD adjuvanted with AtHsp81.2 or rRBD adjuvanted with 
NbHsp90.3, and the remaining three groups of two mice each received 
non-adjuvanted rRBD, rRBD adjuvanted with alum or PBS (Fig. 4A). At 
126 days post-first immunizations, splenocytes were isolated, which 
were stimulated with rRBD to measure the levels of IFN-γ, IL-10, and IL- 
4 in the supernatants by indirect ELISA (Fig. 4B–D). 

We observed that splenocytes from mice vaccinated with rRBD 
adjuvanted with AtHsp81.2 secreted increased levels of IL-4 upon 
stimulation, a Th2 cytokine, compared to non-adjuvanted rRBD group 
(Fig. 4B). Interestingly, cells collected from the spleens of animals 
immunized with rRBD adjuvanted with NbHsp90.3 produced signifi
cantly higher, IFN-γ levels, a Th1 cytokine, compared to PBS, non- 
adjuvanted rRBD and rRBD adjuvanted with AtHsp81.2 groups 
(Fig. 4D). At the same time, NbHsp90.3 and alum adjuvanted groups 
showed a significant increase in IL-10 secretion compared to non- 
adjuvanted rRBD and rRBD adjuvanted with AtHsp81.2 groups 
(Fig. 4D). In addition, stimulated splenocyte from mice from all the 
included groups induced significant IL-10 secretion compared to non- 
stimulated splenocytes (Fig. 4D). In summary, in vivo studies in the 
mouse model demonstrated that adjuvating rRBD (in low dose) with 
rNbHsp90.3 or rAtHsp81.2 induced potent humoral and cellular im
mune responses, but with differences in the cytokine profile elicited, 
that were higher than those elicited by the formulation adjuvanted with 

alum. 

3.3. Vaccination with rRBD adjuvanted with NbHsp90.3 but not rRBD 
adjuvanted with AtHsp81.2 elicits SARS-CoV2 neutralizing antibody 
responses 

To investigate the adjuvant capacity of each pHsp90 to enhance 
protection against infection with a SARS-CoV2 variant, we analyzed the 
virus neutralization capability of sera from mice immunized with rRBD 
adjuvanted with AtHsp81.2 or with NbHsp90.3 at 42 days post-first 
immunization. For the neutralization assay, we use a lentivirus-based 
pseudovirus (PSV) (Fig. 5A). Sera were incubated with entry into 
hACE2 expressing HEK293T cells and quantified as a function of the 
luciferase reporter gene transduction. We found that while both adju
vants enhanced the immunogenicity of rRBD, each adjuvant formulation 
showed differences in neutralizing antibody capacity. and less so in the 
rRBD + rAtHsp81.2 group (Fig. 5B and C). In the alum group, we did not 
detect neutralizing-antibody responses. Although a positive correlation 
is expected between the presence of antibodies and their neutralizing 
power, some works showed that the mere presence of antibodies does 
not guarantee neutralization [31], partly because of the quality of the 
antibodies due to conformational changes of the neutralizing epitopes 
[32–34]. In this sense, it cannot be ruled out that immunization sched
ules and/or the dose used in the vaccine formulations may have affected 
the neutralizing efficiency of the antibodies. Therefore, it is possible that 
the quantity or quality of the antibodies from the RBD + alum group was 
not optimal for demonstrating neutralization. The rRBD adjuvanted 
with rNbHsp90.3 group had high nAb titers (1:365) and also signifi
cantly higher titers than the alum, non-adjuvanted antigen, and PBS 
groups (Fig. 5B). In addition, nAbs (<1:160) against the PSV were 
detected in at least some animals in rRBD adjuvanted with AtHsp81.2 

rAtHsp81.2 rNbHsp90.3
0.0

0.2

0.4

0.6

0.8

IgG1 anti-rRBD

65
5

nm

PBS
rpHsp90
rRBD
rRBD + rpHsp90
rRBD + Alum

****
***
**

****
***
***

****
***
***
****

rAtHsp81.2 rNbHsp90.3
0.0

0.2

0.4

0.6

IgG2a anti-rRBD

65
5

nm

PBS

rRBD
rRBD + rpHsp90

rpHsp90

rRBD + Alum

****
****
***
**

****
****
****
***

C

A B

Days

0 21 84

Elisa
IgG1
IgG2b
IgG2a

serumPBS: n: 4, = 2, = 2

rAtHsp81.2: n: 4, = 2, = 2

rNbHsp90.3: n: 4, = 2, = 2

rRBD: n: 4, = 2, = 2

rRBD + rAtHsp81.2: n: 6, = 3, = 3

rRBD + rNbHsp90.3: n: 6, = 3, = 3

rRBD + Alum: n: 4, = 2, = 2

D

rAtHsp81.2 rNbHsp90.3
0.0

0.2

0.4

0.6

0.8

1.0

IgG2b anti-rRBD

65
5

nm

PBS
rpHsp90
rRBD
rRBD + rpHsp90
rRBD + Alum

****
****
****
****

***
***
**
*

Fig. 3. Different profile of humoral responses induced by rRBD adjuvanted with rAtHsp81.2 versus rNbHsp90.3. A. Study design including vaccination, sampling 
time points, and ELISA. The vaccination was performed twice at 21-day intervals via intramuscular route. B-D. rRBD-specific IgG subclass antibodies for IgG1 (B), 
IgG2b (C), and IgG2a (D), were measured at 84 days post-vaccination. Data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA 
with Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001 shown only for rAtHsp81.2/rNbHsp90.3/Alum + rRBD compared 
to other groups. Fig. 3A was created with BioRender.com. A representative experiment of 3 independent replicates with similar results is shown. 
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group (Fig. 5C). While rRBD + rNbHsp90.3 and rRBD + rAtHsp81.2 
formulations elicited similar rRBD-specific IgG levels, the higher nAb 
titers observed with rNbHsp90.3 suggest improved antibody quality. 

3.4. Complex assembly of rRBD with rNbHsp90.3, but not with r 
AtHsp81.2 

An intriguing question of our model is whether both chaperones 
must form complexes to generate an effective immune response that 
affects the accompanying antigens [8]. With this idea in mind, we per
formed co-immunoprecipitation (co-IP) assays. rNbHsp90.3 or 
rAtHsp81.2 were mixed separately with the rRBD antigen and, after 
incubation, were co-IP with their respective antibodies (Fig. 6A). Fig. 6B 
shows that rRBD interacted with rNbHsp90.3, but not with rAtHsp81.2 
confirming the assembly of the rRBD/rNbHsp90.3 complex. Co-IP per
formed by using rRBD alone as a control shows no reactivity with any of 
the antibodies assayed (Fig. 6C and Supplementary Fig. 1S). These data 
indicate that the greater neutralizing capacity observed in the rRBD 
adjuvanted with rNbHsp90.3 group would be given by the rRBD- 
rNbHsp90.3 interaction rather than by the quality of the immune 
response triggered by the adjuvants. 

4. Discussion 

The pandemic produced by SARS-CoV2 showed the importance of 
having a massive battery of safe immunization systems to respond 
quickly and stop its spread, saving a large proportion of the population 

from death, alleviating the health-system collapse, and breaking off the 
economic debacle. It is worth mentioning that in a record time, a large 
set of vaccines were approved (less than a year) throughout 2020, and 
around the world, nearly 11 billion vaccines were administered. 

Although previous studies carried out on vaccines against Ebola or 
Mers-CoV have contributed to laying the foundations for vaccine 
development in pandemic situations [35], the pandemic experience with 
SARS-CoV2 consolidated the concept of rapid approval of vaccines 
through the intervention of international organizations such as the Food 
and Drug Administration (FDA) and the European Medicines Agency 
(EMA) for health emergencies [36]. A vaccine against SARS-CoV2 
named ArVac-CG, based on a recombinant RBD antigen, was recently 
approved in Argentina [37]. Although this establishes solid foundations 
for future pandemic experiences that could take place in Argentina, 
emerging and socially and economically vulnerable countries remain at 
a disadvantage if new pandemic situations happen again. For this 
reason, the production of vaccines and their equitable distribution 
worldwide will require more significant deployment than those 
observed during this pandemic. In this sense, we consider it essential to 
continue incorporating safe vaccine models that can be quickly 
approved and that can also be produced in large quantities at acceptable 
costs. 

Hsp90s have mainly contributed to improving vaccine development 
against infectious diseases, especially against intracellular pathogens. 
Several reports have demonstrated that Hsp90s from different sources 
are potent adjuvants, generating an appropriate immune response 
against infectious diseases [8]. Here, we showed that plant Hsp90 can be 

Fig. 4. rRBD adjuvanted with rNbHsp90.3 or rAtHsp81.2 shows differences in cytokine profile. A. Study design including vaccination, sampling time points, and 
cytokine measurement. At 126 days post-vaccination, levels of secreted cytokines were measured in the cell supernatant by sandwich ELISA for IL-4 (B), IFN-γ (C), 
and IL-10 (D). Data are presented as mean ± SEM. Statistical analyses were performed using two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05; 
**p < 0.01; ***p < 0.001, and ****p < 0.0001 shown only for rAtHsp81.2/rNbHsp90.3/Alum + rRBD compared to other groups. Fig. 4A was created with BioR 
ender.com. A representative experiment of 2 independent replicates with similar results is shown. 
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used as an efficient adjuvant to stimulate an effective immune response 
against a recombinant form of the SARS-COV2 RBD antigen. We 
observed that NbHsp90.3 generated the production of neutralizing an
tibodies and a Th1-type cellular immune response with the production 
of IFN-γ. On the contrary, AtHp81.2 induced a mixed Th2 humoral 
immune response with IL-4 production. In general, Hsp90s derived from 
different organisms, including those from plants, had already been 
shown to have immunogenic capacities and immunomodulatory prop
erties7 but had not yet been studied as adjuvants for SARS-COV2. The 
fact that both pHsp90s generated different types of immune responses 
could be an advantage when choosing one or the other adjuvant. One of 
the most commonly used adjuvants for vaccine development in emer
gencies, which is allowed for use in humans, is aluminum salts, which 
are also widely used in vaccination for COVID-19 [3]. Aluminum salts 
act to stimulate immune responses, especially of the Th2 type [38,39], 
related to the B lymphocyte stimulation for antibody production inde
pendent of TLR and CD4+ T helper cell responses [40]. In general, this 
kind of activation is poor [41]. Therefore, alum adjuvants are used with 
other salts or adjuvants to enhance the response. For emergencies, a 
combination of imidazoquinoline class molecules (TLR7 and TLR8 
agonist) adsorbed onto alum has also been approved for use in humans 
[42]. This combination facilitates the generation of cell-mediated im
munity [43,44]. In addition, other adjuvants used with recombinant 
proteins for anti-COVID-19 vaccines are CpG, SQBA, AS03, and MF59, 
among others [3,22]. The advantage of using a plant version of Hsp90 as 
an adjuvant is that this protein is a natural plant compound with which 
humans can maintain permanent contact without showing toxicity. 
pHsp90s have been shown to stimulate the humoral and cellular im
mune response through cross-presentation by the internalization of 

exogenous Hsp90s complexed to or fused to a peptide in early endo
somes and the induction of inflammatory cytokines via TLR4 and TLR2 
[8]. Similarly, pHsp90 has been shown to stimulate humoral and cellular 
responses in other models [14,17] in addition to interacting with TLR4 
to mediate MHC I activation [8,20]. This would provide a new type of 
adjuvant to expand the vaccine production possibilities in general and in 
future pandemics. 

As far as we know, the RBD protein (V401; F541) analyzed in this 
work is a shorter version than others previously studied. Mainly, it is 
smaller in the N-terminal region than several of those already used, such 
as NARUVAX-C19 (Q321, S521) [45], ArVac-CG (319R, 537 K)[37] or 
(R328, T531) [22]. All of these were effective in eliciting a protective 
immune response. Once again, it shows the versatility of recombinant 
techniques to design responsive antigens limited to the region of inter
est. Our strategy was to present the RBD to the immune system to obtain 
neutralizing antibodies. However, we also detected a cellular response 
in mice immunized with rRBD adjuvanted with NbHsp90.3, even though 
no T epitopes have been identified in this fragment during natural 
infection [46]. This fact may suggest that Hsp90 could help antigen 
presentation exogenously [47,48] or through the internalization of the 
peptides from the endosome to the cytosol by the proteasome to the re- 
presentation of Hsp90-associated peptides [8,49], at the same time that 
Hsp90s per se could trigger the secretion of cytokines. 

Hsp90s are specialized chaperones that can bind to a group of client 
proteins that are not necessarily unfolded [50]. Therefore, it is unknown 
whether its role as an adjuvant is due to its intrinsic capacity to stimulate 
the immune response in the formulation or is due to its ability to bind the 
immunogen as occurs in cancer models [51–55]. Here, we observed that 
of the two chaperones, only rNbHsp90.3 would form a complex with 

Fig. 5. rRBD adjuvanted with recombinant plant Hsp90 elicits a neutralizing antibody response. A. Schematic diagram of the vaccination and neutralization study. B- 
C. Anti-RBD neutralizing activity by virus neutralization tests in rRBD + rNbHsp90.3 group (B), and rRBD + rAtHsp81.2 group (C) 42 days post-immunization. Data 
are presented as the mean ± SEM. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparison test. *p < 0.05; **p < 0.01; and 
***p < 0.001 shown only for rAtHsp81.2/rNbHsp90.3 + rRBD compared to other groups. Fig. 5A was created using BioRender.com. A representative experiment 
with independent replicates and similar results is shown. 
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rRBD, while the rAtHsp81.2 + rRBD formulation would only be a 
mixture. Interestingly, the rRBD/rNbHsp90.3 complex induced an im
mune response towards a Th1 profile, which correlates with the 
immunomodulatory properties commonly described for Hsp90s [8], 
while the formulation with AtHsp81.2 would elicit an immune response 
towards a Th2 profile, which is likely for a recombinant antigen alone. 
This implies that although this mixing strategy has the advantage of 
being quickly developed, it will be necessary to guarantee that the an
tigen and the adjuvant form complex in future vaccine formulations if a 
Th1 profile is required. In this sense, we hypothesize that differences in 
the immune activation mechanisms of both chaperones may explain the 
profile of the triggered response. While rNbHsp903 would be presenting 
the complexed antigen to the immune system through MHC I on DCs for 
T cell activation, rAtHsp81.2 could help to stimulate the immune 
response generated by rRBD as a conventional adjuvant. However, we 
cannot rule out that these differences in the profile of the immune 
response observed are related to differences in the intrinsic properties of 
each chaperone or to the structure and characteristics of each antigen. 
Likewise, in cases where the antigen and the adjuvant do not generate a 
complex or the antigen/adjuvant mixture does not trigger a potent 
protective response, another alternative is the “fusion protein” strategy. 
However, it is more laborious, and the expression levels of the recom
binant proteins vary from case to case. In this case, it was also shown to 
be highly efficient in generating an adequate immune response [7,8,14]. 

5. Conclusion 

The emergence of the SARS-CoV-2 pandemic was a major global 
challenge for the entire health, research, and vaccine production sys
tems in record time. Initially, numerous studies briefly addressed the 
lack of knowledge about the characteristics of the infection. Soon, it was 
clear that the vaccine would be a fundamental tool to control the 

infection. Fast-track approval has promoted the use of different vac
cines. In that sense, there is some uncertainty about the efficiency and 
feasibility of a safe vaccine. Fortunately, all the vaccines generated and 
approved have shown to be protective and with few adverse effects. 
However, having several vaccine systems is advantageous to enable a 
better response for this type of situation. In addition to the immunogenic 
properties of pHsp90s being similar to those observed in other Hsp90s, 
they would be a safe system for humans since it is a chaperone with 
which, as already mentioned, there is permanent contact through food. 
We were able to show that pHsp90 can indeed be an adjuvant to take 
into account for the development of anti-COVID-19 vaccines. Interest
ingly, we also show that these properties may be related to their ability 
or not to form complexes with the antigen of interest, which should be 
analyzed on a case-by-case basis. 
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[7] Sánchez-López EF, Corigliano MG, Oliferuk S, Ramos-Duarte VA, Rivera M, 
Mendoza-Morales LF, et al. Oral immunization with a plant HSP90-SAG1 fusion 
protein produced in tobacco elicits strong immune responses and reduces cyst 
number and clinical signs of toxoplasmosis in mice. Front Plant Sci 2021;12. 
https://doi.org/10.3389/fpls.2021.726910. 

[8] Corigliano MG, Sander VA, Sánchez López EF, Ramos Duarte VA, Mendoza 
Morales LF, Angel SO, et al. Heat shock proteins 90 KDa: immunomodulators and 
adjuvants in vaccine design against infectious diseases. Front Bioeng Biotechnol 
2021;8. https://doi.org/10.3389/fbioe.2020.622186. 

[9] Rapp, U.K.; Kaufmann, S.H.E. DNA Vaccination with Gp96 ± Peptide Fusion 
Proteins Induces Protection against an Intracellular Bacterial Pathogen. 2004, 16, 
597–605, doi: 10.1093/intimm/dxh064. 

[10] Echeverria PC, de Miguel N, Costas M, Angel SO. Potent antigen-specific immunity 
to Toxoplasma gondii in adjuvant-free vaccination system using Rop2-leishmania 
infantum Hsp83 fusion protein. Vaccine 2006;24:4102–10. https://doi.org/ 
10.1016/j.vaccine.2006.02.039. 

[11] Mohit E, Bolhassani A, Zahedifard F, Taslimi Y, Rafati S. The contribution of nt- 
Gp96 as an adjuvant for increasing Hpv16 E7-specific immunity in C57bl/6 mouse 
model. Scand J Immunol 2012;75:27–37. https://doi.org/10.1111/j.1365- 
3083.2011.02620.x. 

[12] Ju Y, Fan H, Liu J, Hu J, Li X, Li C, et al. Heat shock protein Gp96 adjuvant induces 
T cell responses and cross-protection to a Split influenza vaccine. Vaccine 2014;32: 
2703–11. https://doi.org/10.1016/j.vaccine.2014.03.045. 

[13] Zhu X, Liu J, Bai J, Liu P, Zhang T, Jiang P, et al. Baculovirus expression of the N- 
terminus of porcine heat shock protein Gp96 improves the immunogenicity of 
recombinant PCV2 capsid protein. J Virol Methods 2016;230:36–44. https://doi. 
org/10.1016/j.jviromet.2016.01.011. 
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COVID-19 vaccines over three years after the outbreak of the COVID-19 epidemic. 
Viruses 2023;15:1786. https://doi.org/10.3390/v15091786. 

[37] Pasquevich KA, Coria LM, Ceballos A, Mazzitelli B, Rodriguez JM, Demaría A, et al. 
Safety and immunogenicity of a SARS-CoV-2 gamma variant RBD-based protein 
adjuvanted vaccine used as booster in healthy adults. Nat Commun 2023;14:4551. 
https://doi.org/10.1038/s41467-023-40272-3. 

[38] HogenEsch H. Mechanism of immunopotentiation and safety of aluminum 
adjuvants. Front Immunol 2013;3. https://doi.org/10.3389/fimmu.2012.00406. 

[39] Holmgren J, Adamsson J, Anjuère F, Clemens J, Czerkinsky C, Eriksson K, et al. 
Mucosal adjuvants and anti-infection and anti-immunopathology vaccines based 
on cholera toxin, cholera toxin B subunit and CpG DNA. Immunol Lett 2005;97: 
181–8. https://doi.org/10.1016/j.imlet.2004.11.009. 

[40] Burny W, Callegaro A, Bechtold V, Clement F, Delhaye S, Fissette L, et al. Different 
adjuvants induce common innate pathways that are associated with enhanced 
adaptive responses against a model antigen in humans. Front Immunol 2017;8. 
https://doi.org/10.3389/fimmu.2017.00943. 

[41] Danielsson R, Eriksson H. Aluminium adjuvants in vaccines – a way to modulate 
the immune response. Semin Cell Dev Biol 2021;115:3–9. https://doi.org/ 
10.1016/j.semcdb.2020.12.008. 

[42] Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V, et al. Safety and 
immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: a double-blind, 
randomised, phase 1 trial. Lancet Infect Dis 2021;21:637–46. https://doi.org/ 
10.1016/S1473-3099(20)30942-7. 

[43] Shukla NM, Salunke DB, Balakrishna R, Mutz CA, Malladi SS, David SA. Potent 
adjuvanticity of a pure TLR7-agonistic imidazoquinoline dendrimer. PLoS One 
2012;7:e43612. 

[44] Philbin VJ, Dowling DJ, Gallington LC, Cortés G, Tan Z, Suter EE, et al. 
Imidazoquinoline toll-like receptor 8 Agonists activate human newborn monocytes 
and dendritic cells through adenosine-Refractory and caspase-1–dependent 
pathways. J Allergy Clin Immunol 2012;130:195–204.e9. https://doi.org/ 
10.1016/j.jaci.2012.02.042. 

[45] Tabynov K, Turebekov N, Babayeva M, Fomin G, Yerubayev T, Yespolov T, et al. 
An adjuvanted subunit SARS-CoV-2 spike protein vaccine provides protection 
against covid-19 infection and transmission. npj Vaccines 2022;7:24. https://doi. 
org/10.1038/s41541-022-00450-8. 

[46] Prakash S, Srivastava R, Coulon P-G, Dhanushkodi NR, Chentoufi AA, Tifrea DF, 
et al. Genome-wide B cell, CD4+, and CD8+ T cell epitopes that are highly 
conserved between human and animal coronaviruses, identified from SARS-CoV-2 
as targets for preemptive pan-coronavirus vaccines. J Immunol 2021;206:2566–82. 
https://doi.org/10.4049/jimmunol.2001438. 

[47] Kurotaki, T.; Tamura, Y.; Ueda, G.; Oura, J.; Kutomi, G.; Hirohashi, Y.; Sahara, H.; 
Torigoe, T.; Hiratsuka, H.; Sunakawa, H.; et al. Efficient Cross-Presentation by Heat 
Shock Protein 90-Peptide Complex-Loaded Dendritic Cells via an Endosomal 
Pathway. 2012. 

[48] Oura J, Tamura Y, Kamiguchi K, Kutomi G, Sahara H, Torigoe T, et al. Extracellular 
heat shock protein 90 plays a role in translocating chaperoned antigen from 
endosome to Proteasome for generating antigenic peptide to be cross-presented by 
dendritic. Cells 2011;1–15. https://doi.org/10.1093/intimm/dxq475. 

[49] Basu S, Binder RJ, Ramalingam T, Srivastava PK. CD91 Is a Common Receptor for 
Heat Shock Proteins Gp96, Hsp90, Hsp70, and Calreticulin Recently Identified the 
2 Macroglobulin Receptor CD91 as the Receptor for Gp96 (Binder et Al., 2000a); 
Gp96 Molecules Bind Directly to CD91, and Antibodies to CD91 Inhi. Immunity 
2000;2001(14):303–13. 

[50] Echeverría PC, Bernthaler A, Dupuis P, Mayer B, Picard D. An Interaction network 
predicted from public data as a discovery tool: application to the Hsp90 molecular 
chaperone machine. PLoS One 2011;6:e26044. 

[51] Srivastava PK, Menoret A, Basu S, Binder RJ, McQuade KL. Heat shock proteins 
come of age: primitive functions acquire new roles in an adaptive world. Immunity 
1998;8:657–65. https://doi.org/10.1016/S1074-7613(00)80570-1. 

[52] Rivoltini L, Castelli C, Carrabba M, Mazzaferro V, Pilla L, Huber V, et al. Human 
tumor-derived heat shock protein 96 mediates in vitro activation and in vivo 
expansion of melanoma- and colon carcinoma-specific T cells. J Immunol 2003; 
171:3467–74. https://doi.org/10.4049/jimmunol.171.7.3467. 

[53] Nicchitta CV, Carrick DM, Baker-LePain JC. The messenger and the message: Gp96 
(GRP94)-peptide interactions in cellular immunity. Cell Stress Chaperones 2004;9: 
325. https://doi.org/10.1379/CSC-62.1. 

[54] Rosser MFN, Trotta BM, Marshall MR, Berwin B, Nicchitta CV. Adenosine 
nucleotides and the regulation of GRP94− Client protein Interactions. Biochemistry 
2004;43:8835–45. https://doi.org/10.1021/bi049539q. 

[55] Joly AL, Wettstein G, Mignot G, Ghiringhelli F, Garrido C. Dual role of heat shock 
proteins as regulators of apoptosis and innate immunity. J Innate Immun 2010;2: 
238–47. https://doi.org/10.1159/000296508. 

V.A. Ramos-Duarte et al.                                                                                                                                                                                                                      

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 17, 
2024. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.

https://doi.org/10.1016/S0264-410X(02)00169-X
https://doi.org/10.1016/S0264-410X(02)00169-X
https://doi.org/10.1016/j.omtm.2020.01.004
https://doi.org/10.1016/j.omtm.2020.01.004
https://doi.org/10.1073/pnas.1707304114
https://doi.org/10.1038/s41598-018-34171-7
https://doi.org/10.1038/s41598-018-34171-7
https://doi.org/10.1038/s41598-021-82498-5
https://doi.org/10.1038/s41598-021-82498-5
https://doi.org/10.1038/s41591-021-01301-0
https://doi.org/10.1038/s41591-021-01301-0
https://doi.org/10.3390/v15091786
https://doi.org/10.1038/s41467-023-40272-3
https://doi.org/10.3389/fimmu.2012.00406
https://doi.org/10.1016/j.imlet.2004.11.009
https://doi.org/10.3389/fimmu.2017.00943
https://doi.org/10.1016/j.semcdb.2020.12.008
https://doi.org/10.1016/j.semcdb.2020.12.008
https://doi.org/10.1016/S1473-3099(20)30942-7
https://doi.org/10.1016/S1473-3099(20)30942-7
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0215
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0215
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0215
https://doi.org/10.1016/j.jaci.2012.02.042
https://doi.org/10.1016/j.jaci.2012.02.042
https://doi.org/10.1038/s41541-022-00450-8
https://doi.org/10.1038/s41541-022-00450-8
https://doi.org/10.4049/jimmunol.2001438
https://doi.org/10.1093/intimm/dxq475
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0245
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0245
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0245
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0245
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0245
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0250
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0250
http://refhub.elsevier.com/S0264-410X(24)00450-X/h0250
https://doi.org/10.1016/S1074-7613(00)80570-1
https://doi.org/10.4049/jimmunol.171.7.3467
https://doi.org/10.1379/CSC-62.1
https://doi.org/10.1021/bi049539q
https://doi.org/10.1159/000296508

	Safe plant Hsp90 adjuvants elicit an effective immune response against SARS-CoV2-derived RBD antigen
	1 Introduction
	2 Materials and methods
	2.1 Plasmid construction Receptor Binding Domain
	2.2 Expression and purification of recombinant RBD
	2.3 Mice and vaccination
	2.4 Antibody response and isotype determination
	2.5 Cytokine analysis
	2.6 Co-Immunoprecipitation (Co-IP)
	2.7 Pseudovirus neutralization assay
	2.8 Statistical analysis

	3 Results
	3.1 The novel immune potent recombinant plant Hsp90 adjuvanted anti-COVID-19 vaccine, inducing RBD-specific antibodies in mice
	3.2 RBD immunization with different recombinant plant Hsp90 adjuvants induces a distinctive profile of cytokines
	3.3 Vaccination with rRBD adjuvanted with NbHsp90.3 but not rRBD adjuvanted with AtHsp81.2 elicits SARS-CoV2 neutralizing a ...
	3.4 Complex assembly of rRBD with rNbHsp90.3, but not with r AtHsp81.2

	4 Discussion
	5 Conclusion
	Funding
	Institutional review board statement
	Informed consent statement
	Author contributions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


