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Development of bivalent RBD adapted
COVID-19vaccines for broad sarbecovirus

Immunity
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Clara G. Fascetto Cassero'?, Lucas M. Saposnik'?, Federico Paez Cérdoba'?, Juan Manuel Rodriguez®*,
Giulia Piccini®, Roberta Antonelli®, Giulia Lapini®, Nigel Temperton®, Sabrina A. Del Priore®,

Andres C. Hernando Insua*, Ingrid G. Kaufmann®, Julio C. Vega’, Juan M. Flo®, Karina A. Pasquevich'?,

Lorena M. Coria"?*°< & Juliana Cassataro'?*°

COVID-19 vaccine adaptation is critical to respond to continuously emerging SARS-CoV-2 variants
with enhanced immune evasion. The ARVAC protein subunit vaccine, based on the receptor binding
domain of the spike protein of SARS-CoV-2, has been adapted to XBB.1.5 and JN.1 variants, as
monovalent and bivalent formulations. Preclinical studies in mice showed that ARVAC XBB.1.5 and
JN.1 monovalent vaccines induced strong neutralizing antibodies against XBB and JN.1 lineages,
though with limited efficacy against phylogenetically distant variants. By contrast, bivalent
formulations combining Gamma antigen with either XBB.1.5 or JN.1 antigens demonstrated superior
cross-neutralizing activity, covering variants from Ancestral to JN.1. Additionally, Gamma-containing
bivalent vaccines elicited neutralizing antibodies against SARS-CoV-1, highlighting their potential for
broad-spectrum immunity. Cellular immune studies confirmed robust CD4* T cell activation across all
formulations. These findings support the continued adaptation of ARVAC to current circulant variants
and propose ARVAC bivalent vaccines containing the Gamma antigen as a strategy for induction of

pan-sarbecovirus immunity.

COVID-19 remains a threat to public health as SARS-CoV-2 virus con-
tinues to evolve resulting in multiple variants that increasingly evade
immunity acquired through vaccination and natural infection. Since the
emergence of Omicron lineage in late 2021 several subvariants have
developed. The emergence of Omicron XBB-sublineages and then the new
JN.1 lineage has dramatically reduced the efficacy of both SARS-CoV-2
wild-type monovalent and bivalent (wild-type + Omicron BA.5) mRNA
and protein subunit vaccines'”.

The reduced immunity due to ongoing virus evolution has highlighted
the need for update vaccine antigen composition. In the fall of 2023, the US
Food and Drug Administration (FDA) authorized the use of updated
COVID-19 vaccines from Moderna, Pfizer-BioNTech, and Novavax which

incorporate a monovalent component targeting the XBB.1.5 variant’. Data
from these manufacturers indicate that monovalent XBB-containing
COVID-19 vaccines enhance the immune response against XBB-
sublineage variants*®. In 2024, JN.1 lineages become predominant around
the world. However, several reports demonstrate that XBB.1.5-adapted
COVID-19 vaccines are less effective against JN.1 in comparison to XBB
lineages™”’. In May 2024 new recommendations from FDA and EMA
supported the change to antigen composition to JN.1 lineage®. The JN.1
lineage circulation was subsequently being replaced by JN.1 sublineages
including KP.2, KP.3 and XEC. Given the rapid emergence of subsequent
variants with the parallel chance to immune escape, development of a broad
vaccine formulation that can targets several SARS-CoV-2 variants as well as
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SARS-CoV-1 is urgent. We have proof of concept results showing that the
addition of the Gamma antigen to a bivalent formulation increases the
breadth of the induced neutralizing antibody (nAb) response’.
Protein-based vaccines, particularly those targeting the receptor-
binding domain (RBD) of SARS-CoV-2, have gained significant attention
due to their favorable safety profile and ability to elicit a targeted and
effective immune response. Notably, several subunit COVID-19 vaccines
utilizing the RBD of the SARS-CoV-2 spike protein have been approved for
use in different countries (Soberana plus, ZF2001, Covaccine and
Bimervax)'*"'? Consequently, numerous studies have explored strategies to
further enhance the immunogenicity and efficacy of RBD-based vaccines'”.
ARVAC s arecombinant protein subunit COVID-19 vaccine based on
a dimeric receptor binding domain (RBD) from SARS-CoV-2. The bivalent
ARVAC vaccine, based on the Gamma and Omicron BA.4/5 SARS-CoV-2
variants, received authorization for use in Argentina in October 2023 fol-
lowing a phase 3 study that confirmed a broad immune response against
Omicron lineages. Preclinical and phase 1 studies supported the selection of
Gamma RBD as vaccine antigen, as it broadened the nAb responses across
different variants of concern (VOC)™*“. ARVAC has been developed by an
Argentinian pharmaceutical company being the first COVID-19 vaccine
fully developed in South America. According to recommendations from the
WHO, FDA, and EMA, the ARVAC vaccine has been updated to include
monovalent and bivalent formulations containing XBB.1.5 and JN.1 derived
antigens. To our knowledge, among approved subunit RBD based vaccines,
ARVAC is the only that has been adapted to the JN.1 variant, and this
version is currently approved for use in Argentina. This work presents the
evaluation of updated ARVAC immunogenicity in preclinical studies.

Results

Adaptation of RBD antigen to XBB.1.5 and JN.1 in monovalent
and bivalent vaccine formulations

Production of the recombinant Ancestral or Gamma variant RBD antigens
has been previously shown’. In this work new RBD antigens derived from
Omicron BA.4/5, Omicron XBB.1.5 and JN.1 SARS-CoV-2 variants were
expressed in CHO cells using the same previously reported methodology.
Each RBD antigen consists of a single-chain dimeric repeats of amino acids
319R to 537K of the Spike protein of the corresponding SARS-CoV-2
variant. Antigen purity was confirmed by SDS-PAGE (Supplementary
Fig. 1). The binding of the Omicron BA.4/5, XBB.1.5 and JN.1 RBD versions
to the hACE2 receptor was assessed using a ligand-receptor binding ELISA.
All antigens demonstrated comparable binding levels to hACE2 (Supple-
mentary Fig. 1). The purified antigens were then adsorbed to aluminum
hydroxide (Alum) to make the final formulations.

Adapted ARVAC XBB.1.5 monovalent and bivalent vaccines
induce neutralizing antibodies against XBB and JN.1 lineages in
primary vaccination schemes

First, XBB.1.5-adapted vaccines were compared to earlier Omicron BA.4/5
vaccine versions. Naive mice received a two-dose primary immunization
scheme with either monovalent vaccines (XBB.1.5 or Omicron BA.4/5) or
bivalent vaccines (Gamma + XBB.1.5 or Gamma -+ Omicron BA.4/5).
Serum samples were collected 28 days after the second dose and analyzed for
antigen specific binding IgG and SARS-CoV-2 nAbs.

All vaccine groups elicited robust specific IgG responses against
XBB.1.5, Omicron BA.4/5, Gamma and Ancestral derived RBD antigens
(Supplementary Fig. 2). nAb titers against JN.1, XBB.1.18, Omicron BA.5,
Gamma and Ancestral were assessed using a live virus assay. The geometric
mean of nAb titers (GMTs) indicated that neutralizing activity against XBB
lineage were higher in animals that received either a monovalent or a
bivalent vaccine containing the XBB.1.5 antigen (GMT 127.5 and 66.1,
respectively) than in those animals that received a monovalent or a bivalent
vaccine containing the Omicron BA.4/5 antigen (GMTs 7.3 and 11.4
respectively, Fig. 1a). Mice vaccinated with bivalent formulations containing
the Gamma antigen induced strong neutralizing responses against both the
Gamma and Ancestral variants. In contrast, mice vaccinated with

monovalent vaccines targeting XBB.1.5 or Omicron BA.4/5 exhibited low
neutralizing antibody titers against the Ancestral and Gamma viruses.
Notably, all vaccine formulations elicited nAbs against the genetically
divergent JN.1 variant, being the monovalent and bivalent formulations
containing XBB.1.5 the versions that induced the highest levels (Fig. 1a).

Spider graphs in Fig. 1b further illustrate that vaccine formulations
containing XBB.1.5 are more effective at inducing nAbs against XBB and
JN.1 lineages, while those bivalent versions containing the Gamma antigen
showed a good performance neutralizing Ancestral and Gamma SARS-
CoV-2viruses. Of note, bivalent Gamma/XBB.1.5 vaccine demonstrated the
greatest cross-neutralizing activity covering distant variants from Ancestral
to JN.1 lineages (Fig. 1b). Antigenic maps were created to visualize the
relationships between the sera and the nAbs against SARS-CoV-2 variants.
The positioning of each serum sample on the maps is indicative of its efficacy
in neutralizing a particular variant. One grid line on the antigenic map
corresponds to a twofold dilution in the virus neutralization assay. Results
obtained after antigenic distance analysis show that XBB.1.5 monovalent
vaccine is closely to JN.1 and Omicron BA.5 subvariants and more distant to
variants like Ancestral or Gamma (Fig. 1c). Interestingly, the bivalent
Gamma/XBB.1.5 vaccine demonstrated the broadest activity, effectively
reducing the antigenic distance between the Ancestral or Gamma variants
and the XBB or JN.1 lineages (Supplementary Table 1).

T cell responses against Omicron BA.4/5 RBD antigen were
evaluated following ARVAC vaccination in the spleen and lung of
immunized mice. In spleen, RBD specific-IFN-y and -TNF-a produ-
cing CD4" T cells were induced 1 month after administration of
monovalent (XBB.1.5 or Omicron BA.4/5) and bivalent (Gamma/
XBB.1.5 or Gamma/Omicron BA.4/5) ARVAC vaccines (Fig. 1d).
Antigen-specific CD8" T cells responses were not observed after sple-
nocytes stimulation (Supplementary Fig. 3). Additionally, significant
levels of IL-5 were observed after antigenic stimulation of splenocytes
from mice immunized with any vaccine version (Fig. le).

In addition, mucosal/lung T cell responses were evaluated. Consistent
with systemic findings, IFN-y and TNF-a levels were significantly increased
in antigen-stimulated lung cells compared to unstimulated controls in all
ARVAC vaccine formulations (Fig. 1f). Although IL-5 production was
detected upon antigen stimulation in cells from all vaccinated groups, a
statistically significant increase was only observed in the bivalent ARVAC
Gamma/Omicron BA.5 group. These results suggest that ARVAC for-
mulations induce predominantly a Th1-biased immune response at lungs
following immunization.

ARVAC adapted XBB.1.5 monovalent and bivalent vaccines as
boosters induce nAbs against XBB and JN.1 variants

The adapted ARVAC vaccine versions were evaluated as booster doses. To
this end, mice were first primed intramuscularly with two doses of a bivalent
mRNA Wuhan/Omicron BA.5 based vaccine (Spikevax) and 2 months later
(day 67) boosted with either a dose of a monovalent or a bivalent ARVAC
vaccine or an additional dose of Spikevax. Serum samples were collected on
days 67 (before booster—2 months after primary series—) and 97 (4 weeks
after booster dose) to evaluate nAb responses.

A booster dose with the monovalent ARVAC XBB.1.5 vaccine sig-
nificantly increased nAb titers against JN.1 (9.8-fold), XBB.1.18 (14.7-fold),
and Omicron BA.5 (14.6-fold). However, it did not enhance nAb titers
against the Gamma and Ancestral SARS-CoV-2 variants compared to pre-
booster levels (Fig. 2a). The monovalent ARVAC Omicron BA.4/5 vaccine
exhibited a similar profile but with lower efficacy, it induced increases in
nAb titers against JN.1 (6.8-fold), XBB.1.18 (4.6-fold), and Omicron BA.5
(6-fold) but it did not enhance nAb titers against the Gamma and Ancestral
SARS-CoV-2 variants compared to pre-booster titers.

Interestingly, only bivalent vaccines containing the Gamma antigen
elicited a broader cross-reactive Ab response, exhibiting high nAb titers not
only against Ancestral and Gamma variants but also against phylogenetical
distant variants such as Omicron BA.5 and JN.1 (Fig. 3a). Radar charts of
nADb titers highlighted superior cross-neutralization capacity of the bivalent
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Fig. 1 | Prime immunization with monovalent and bivalent adapted XBB.1.5
vaccines induce nAbs and Ag-specific T cell immune responses. BALB/c mice were
i.m. immunized on days 0 and 14 with ARVAC XBB.1.5 (1 =6), ARVAC Omicron
BA.4/5 (n=6), ARVAC Gamma/Omicron BA.4/5 (n =6) or ARVAC Gamma/
XBB.1.5 (n = 6). a Neutralizing antibody titers against JN.1, XBB.1.18, Omicron BA.5,
Gamma and ancestral SARS-CoV-2 were evaluated at 42 days post prime (dpp).
Neutralization titer was defined as the serum dilution that reduces 50% the cytopathic
effect (NT50). Bars are GMT =+ SD. *p < 0.05, ***p < 0.001. Kruskal-Wallis test.

b Radar charts were drawn based on the geometric mean titers (GMTs) of nAbs
against live viruses at 42 dpp. ¢ Antigenic map was generated from the nAb titers in
serum after the second dose of vaccination. Squares represented nAb titers from mice
vaccinated with XBB.1.5 (red squares), Omicron BA.4/5 (green squares), Gamma/
BA.4/5 (blue squares) and Gamma/XBB.1.5 (purple squares) formulations. Black,
blue, green, red and purple circles correspond to the Ancestral, Gamma, Omicron
BA.5, XBB.1.18 and JN.1 SARS-CoV-2 variants, respectively. Each grid square cor-
responds to a two-fold dilution in the neutralization assay. The antigenic distance is
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interpretable in any direction. d Splenocytes from immunized mice were obtained

1 month after last dose and were stimulated with medium or Omicron BA.4/5 RBD-
peptides pool plus recombinant Omicron BA.4/5 RBD for 18 h and then brefeldin A
was added for 5 h. Afterward, cells were harvested and stained with anti-CD4 specific
Abs, fixed, permeabilized, and stained intracellularly with anti-IFN-y and anti-TNF-
a. Results are presented as percentage of IFN-y or TNF-a-producing CD4" T lym-
phocytes. Bars are means + SEM. Each dot is an individual mouse. *p < 0.05,

**p < 0.01 vs. placebo. Kruskal-Wallis. e Splenocytes from immunized mice were
stimulated with complete medium or recombinant Omicron BA.4/5 RBD for 5 d and
then IL-5 was measured in the supernatant by ELISA. Results are presented as con-
centration of IL-5 in pg/ml. Bars are means + SEM. Each dot is an individual mouse.
*p <0.05, **p < 0.01 vs. medium. Kruskal-Wallis. f Lung cells from immunized mice
were stimulated with medium or recombinant Omicron BA.4/5 RBD for 3 d and then
IL-5, IEN-y and TNF-a was measured in the supernatant by ELISA. Results are
presented as concentration of the cytokine in pg/ml. Bars are means + SEM. Each dot
is an individual mouse. *p < 0.05, **p < 0.01 vs. medium. Kruskal-Wallis.

Gamma/XBB.1.5 vaccine formulation compared to monovalent XBB.1.5
and bivalent Gamma/Omicron BA.5 vaccines (Fig. 2b).

Neutralizing antibody titers obtained before and after booster doses
were used to construct antigenic maps. Analysis of antigenic distances
revealed a reduction in the distances between XBB.1.18 and JN.1 across
nearly all vaccinated groups, with the greatest reduction observed in the
monovalent XBB.1.5 group (from 4.3 AU pre boost to 1.8 AU post boost,
Fig. 2c and Supplementary Table 2). Furthermore, antigenic maps indicate
that the newly emergent variants XBB.1.18 and JN.1 are clustered together
but remain distant from Ancestral, Gamma and Omicron BA.5 variants
following booster doses.

ARVAC bivalent vaccine formulations induce cross-reactive
antibodies against SARS-CoV-1

Finally, to assess the broadening of the nAb response, serum samples were
analyzed for nAbs against SARS-CoV-1 using a pseudovirus neutralization
assay (PSVNA). Notably, boosting the animals with monovalent Omicron
BA 4/5 and bivalent ARVAC vaccine formulations containing Gamma resulted
in significative nAb titers against SARS-CoV-1 in comparison to pre boosting
titers (two doses of Spikevax—bivalent Wuhan/Omicron BA.5—, Fig. 3a).
SARS-CoV-2 neutralization titers were determined in the same assay, showing
that monovalent Omicron BA 4/5 and bivalent ARVAC vaccine formulations
also induced significant nAbs against Wuhan SARS-CoV-2 (Fig. 3b).
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Fig. 2 | Monovalent and bivalent adapted XBB.1.5 vaccines induce nAbs against
XBB and JN.1 lineages in booster immunization schedules. BALB/c mice werei.m.
immunized on days 0 and 14 with bivalent mRNA vaccine Spikevax (Prototype/
Omicron BA.5) and boosted on day 67 with: ARVAC XBB.1.5 (n=6), ARVAC
Omicron BA.4/5 (n = 6), ARVAC Gamma/Omicron BA.4/5 (n = 6), ARVAC Gamma/
XBB.1.5 (1 = 6) or Spikevax (Prototype/Omicron BA.5) (n = 6). a Neutralizing-
antibody titers against XBB.1.18, JN.1, Omicron BA.5, Gamma and Ancestral SARS-
CoV-2 were evaluated at 63 (preboost) and 93 dpp (postboost). Neutralization titer was
defined as the serum dilution that reduces 50% the cytopathic effect (NT50). Bars are

GMT = SD. *p < 0.05, ***p < 0.001. Kruskal-Wallis test. b Radar charts were drawn
based on the GMTs of nAb in serum pre and post boost against live viruses. ¢ Antigenic
maps were generated from nAb titers in serum pre and after the booster dose. Squares
represented nAb titers from mice vaccinated with XBB.1.5 (red squares), Omicron
BA.4/5 (green squares), Gamma/BA.4/5 (blue squares) and Gamma/XBB.1.5 (purple
squares) formulations. Black, blue, green, red and purple circles correspond to the
Ancestral, Gamma, Omicron BA.5, XBB.1.18 and JN.1 variants, respectively. Each grid
square corresponds to a two-fold dilution in the neutralization assay. The antigenic
distance is interpretable in any direction.
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Fig. 3 | Neutralizing antibodies against SARS-
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ARVAC monovalent and bivalent adapted JN.1 vaccines induce
nAbs against JN.1 lineages

Following international regulatory agencies recommendations, ARVAC
was adapted to JN.1 variant and its immunogenicity was tested. Naive
BALB/c mice received a two-dose primary immunization series with either
monovalent (JN.1 or XBB 1.5), bivalent (Gamma + JN.1 or Gamma +
Omicron BA.4/5) or mRNA XBB.1.5 (Spikevax) vaccines.

Neutralizing activity was assessed in sera against a broad panel of
SARS-CoV-2 variants, ranging from the Ancestral strain to the JN.1 lineage,
including the KP.2 and KP.3 sublineages. The monovalent JN.1-adapted
vaccine elicited significantly higher levels of nAbs against KP.3.1.1, KP.2.3,
and JN.1 compared to the monovalent XBB.1.5 and bivalent Gamma/
Omicron BA.4/5 vaccines, and comparable levels to the bivalent Gamma/
JN.1 vaccine (Fig. 4a). Notably, the bivalent Gamma/JN.1 vaccine elicited
higher nAb levels against Omicron BA.5, Gamma and the Ancestral variants
than the monovalent JN.1-adapted formulation, demonstrating robust
coverage across all tested viral variants (Fig. 4a).

The breadth of the immune response is further illustrated in the spider
plots of Fig. 4b, which highlight the broad neutralizing capacity of the
bivalent Gamma/JN.1 vaccine against phylogenetically diverse SARS-CoV-2
variants.

Furthermore, T cell immune responses were determined in spleen
and lung cells from immunized mice after stimulation with JN.1 anti-
gen. At systemic level (spleens), ARVAC JN.1, XBB.1.5 and Gamma/
JN.1 vaccines induced significantly higher frequencies of CD4" T cells
producing IFN-y and TNF-a, as compared to placebo (Fig. 4c). ARVAC
Gamma/Omicron BA.4/5 and Spikevax XBB.1.5 vaccines did not
induce RBD-JN.1 specific CD4" T effector cells. Regarding CD8" T cell
responses, immunization with monovalent JN.1 and XBB.1.5 vaccines
induced a significant increase in IFN-y* CD8" T cells compared to
placebo while the other groups did not (Fig. 4c). Besides, IL-5, a marker
of Th2-type responses, was detected in all vaccinated groups, sup-
porting also the presence of a Th2 response (Fig. 4d).

Atlungs, a T helper response with significative production of IFN-
y and IL-5 was observed in RBD-JN.1 stimulated cells from mice
immunized with monovalent JN.1, bivalent Gamma/BA.4/5 or
Gamma/JN.1 ARVAC vaccines and Spikevax XBB.1.5 in comparison to
placebo group (Fig. 4e). These data demonstrate that ARVAC-adapted
vaccines, especially those including JN.1 and Gamma antigens, elicit
strong antigen specific Th1-Th2 cellular immune responses at both
systemic and local/mucosal levels.

ARVAC adapted JN.1 monovalent and bivalent vaccines as
boosters induce neutralizing antibodies against JN.1, KP2, KP.3
and XEC variants

Adapted JN.1 ARVAC versions were also evaluated as booster doses. To this
end, mice were first primed intramuscularly with two doses of the mRNA
XBB.1.5 based vaccine (Spikevax) and 2 months later (day 75) boosted with
either a dose of a monovalent or bivalent ARVAC vaccine or an additional
dose of Spikevax XBB.1.5. Serum samples were collected on days 75 (before
booster—2 months after last dose of the primary series—) and 103 (4 weeks
after booster dose) to evaluate nAb responses.

A booster dose with the monovalent ARVACJN.1 vaccine significantly
increased nAb titers against JN.1 (11.3-fold), KP.2 (126.8-fold), KP.3 (12.3-
fold) and XEC (71.5-fold) variants. However, it did not enhance nAb titers
against distant variants like XBB.1.5, Omicron BA.5, Gamma or Ancestral
SARS-CoV-2 compared to pre-booster levels (Fig. 5a). Of note, bivalent
vaccine Gamma/JN.1 elicited a broader cross-reactive response, exhibiting
high nAb titers against phylogenetical distant variants such as Ancestral,
Gamma and Omicron in addition to JN.1, KP and XEC lineages (Fig. 5a).
The radar charts in Fig. 5b illustrate the cross-neutralizing capacity of the
bivalent vaccine, highlighting the broader neutralization profile of the
Gamma/JN.1 formulation compared to both monovalent vaccines and the
bivalent Gamma/Omicron BA.4/5 formulation.

Discussion
The constant emergence of SARS-CoV-2 variants and sublineages that
evade neutralizing antibodies induced upon infection, vaccination or both
requires the use of adapted vaccines. A vaccine adapted to the Omicron
XBB.1.5 variant became available in Europe in September 2023 and in
September 2024 a new adapted vaccine based in the JN.1 or KP.2 lineage has
been released to the market following the recommendations for updating
authorized/approved vaccines given by the WHO, EMA, and FDA".
Adaptation of ARVAC vaccine to new variants has been shown during
preclinical and clinical development of the vaccine where two monovalent
versions (Gamma and Omicron BA.4/5) and a bivalent version were
tested™*'°. Due to its superior performance in eliciting broader protective
nAbs, the bivalent formulation (Gamma + Omicron BA.4/5) received
approval"’. Following regulatory agency recommendations, the vaccine was
subsequently updated to monovalent formulations targeting XBB.1.5 and
JN.1 variants. In addition, based on previous results showing that addition of
Gamma antigen increases the breadth of nAb responses’, in this work the
bivalent counterparts containing Gamma antigen plus either the XBB.1.5 or
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Fig. 4| Monovalent and bivalent adapted JN.1 vaccines induce nAbs against JN.1,
KP.2 and KP.3 lineages and specific T cell responses in the spleen and lung.
BALB/c mice were immunized at day 0 and day 14 via i.m. with: ARVAC JN.1
(n=6), ARVAC XBB.1.5 (1 = 6), ARVAC Gamma/BA.4/5 (n = 6), ARVAC
Gamma/JN.1 (n = 6) and Spikevax XBB.1.5 mRNA vaccine. a Neutralizing antibody
titers against KP.3.1.1, KP.2.3,JN.1, XBB.1.5, Omicron BA.5, Gamma and Ancestral
SARS-CoV-2 were evaluated at 42 dpp. Neutralization titer was defined as the serum
dilution that reduces 50% the cytopathic effect (NT50). Bars are GMT + SD.

*p <0.05, ¥**p < 0.001. Kruskal-Wallis test. b Radar charts were drawn based on the
GMTs of nAb in serum 42 dpp against live viruses. ¢ Splenocytes from immunized
mice were obtained a month after last immunization and stimulated with medium or
JN.1 RBD-peptides pool plus recombinant JN.1 RBD for 18 h and then brefeldin A
was added for 5 h. Afterward, cells were harvested and stained with anti-CD4 and

anti-CD8 specific Abs, fixed, permeabilized, and stained intracellularly with anti-
IFN-y and anti-TNF-a. Results are presented as percentage of IFN-y or TNF-a-
producing CD4" or CD8" T lymphocytes Bars are means + SEM. Each dot is an
individual mouse. *p < 0.05, *¥p < 0.01, ***p < 0.001 vs. placebo. Kruskal-Wallis.
d Splenocytes from immunized mice were stimulated with medium or recombinant
JN.1 RBD for 3 d and then IL-5 was measured in the supernatant by ELISA. Results
are presented as concentration of IL-5 in pg/ml. Bars are means + SEM. Each dot is
an individual mouse. *p < 0.05, ***p < 0.001 vs. placebo. Kruskal-Wallis. e Lung
cells obtained from immunized mice were stimulated with medium or recombinant
JN.1 RBD for 3 days and then IFN-y, TNF-a and IL-5 were measured in the
supernatant by ELISA. Results are presented as cytokine concentration in pg/ml.
Bars are means + SEM. Each dot is an individual mouse. *p < 0.05, **p < 0.01 vs.
placebo. Kruskal-Wallis.

the JN.1 antigen were tested and compared to the monovalent versions. We
demonstrated that immunization with either monovalent or bivalent
recombinant RBD protein adjuvanted with alum (ARVAC vaccine) adap-
ted to the XBB.1.5 or JN.1 variants induce higher nAbs against XBB and JN.1
lineages compared to the previous approved bivalent Gamma/Omicron
BA.4/5 ARVAC version. These results support the change in the vaccine
strain composition to target the most current circulating variant following
the recommendations of international regulatory agencies.

Monovalent XBB-adapted ARVAC vaccine formulations as primary
or booster doses significantly increase nAb titers against the XBB lineage
compared to the current bivalent Gamma/BA.4/5 vaccine (Fig. 1a). Indeed,
the XBB.1.5 adapted vaccine generates neutralizing antibodies against the
JN.1 variant. Similarly, the monovalent JN.1-adapted ARVAC vaccine in
primary immunization schedules enhances GMT against JN.1, KP.2.3, and
KP.3.1.1 variants compared to the monovalent XBB.1.5 and bivalent
Gamma/BA 4/5 vaccines (Fig. 4a). Of note, monovalent and bivalent JN.1-
adapted ARVAC vaccine as booster doses of a primary regimen with an
XBB.1.5 mRNA vaccine increases the nAbs not only against JN.1 but also

against KP.2, KP.3 and XEC subvariants (Fig. 5a). The low cross-
neutralization observed in mice for the antigenically distant strain
XBB.1.5 with the monovalent and bivalent JN.1 adapted vaccines was also
reported for adapted JN.1 and KP.2 mRNA vaccines'®.

Notably, the bivalent Gamma/XBB.1.5 and Gamma/JN.1 vaccines
generate a robust and broad cross-reactive response, neutralizing not only
newly circulant variants as JN.1 and XBB.1.5 but also distant variants such as
Omicron BA.5, Gamma, and Ancestral variants, highlighting the potential
of incorporating the Gamma antigen to enhance antibody breadth against
SARS-CoV-2 variants (Figs. 1b, 4b and 5b).

Moreover, ARVAC variant-adapted vaccines evaluated in this study,
elicited robust Th1-Th2 cell responses. Indeed, one month after the final
immunization with either monovalent or bivalent XBB.1.5- or JN.1-adapted
vaccines, a mixed Th1/Th2 cell response was induced at both systemic and
local levels (Figs. 1d-f and 4c-e). Particularly, the local immune responses
observed at lungs may contribute to enhanced protection by limiting viral
replication in the respiratory tract and reducing disease severity'**. Of note,
T cell responses were also elicited upon stimulation with RBD-based
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Fig. 5 | Monovalent and bivalent adapted JN.1 vaccines induce nAbs against JN.1
and KP.2, KP.3 and XEC subvariants in booster immunization schedules. BALB/
¢ mice were i.m. immunized on days 0 and 14 with mRNA XBB.1.5 vaccine (Spi-
kevax) and boosted on day 75 with: ARVAC JN.1 (n = 6), ARVAC XBB.1.5 (n =6),
ARVAC Gamma/Omicron BA.4/5 (n =6) and ARVAC Gamma/JN.1 (n=6) or
Spikevax XBB.1.5 (1 = 6). a Neutralizing-antibody titers against XEC, KP.2, KP.3,

JN.1, XBB.1.5, Omicron BA.5, Gamma and Ancestral SARS-CoV-2 were evaluated
at 75 (preboost) and 103 dpp (postboost). Neutralization titer was defined as the
serum dilution that reduces 50% the cytopathic effect (NT50). Bars are GMT + SD.
*p <0.05, **p < 0.01, ***p < 0.001. Kruskal-Wallis test. b Radar charts were drawn
based on the geometric mean titers (GMTs) of neutralizing antibody in serum pre
and post boost against live viruses for each vaccinated group.

antigens even if they are distinct from those included in the vaccine for-
mulations, indicating a conserved immune response. These results are
consistent with previous reports with other variants, where antigenic
changes have slight impact on pre-existing T cell-mediated immunity*"*.

Development of a universal vaccine against SARS-CoV-2 and SARS-
related coronaviruses is needed to reduce the threat from current and future
SARS-related coronaviruses with pandemic potential”’. Our previous study
has demonstrated that the Gamma antigen can broaden the immune
response by inducing nAbs against different variants, likely due to the
presence of more immunogenic epitopes in the RBD’. Similar results have
been shown with a Beta variant subunit vaccine, which shares the same
aminoacid substitutions in its sequence (N501Y, E484K, and K417N)*. Our
results with bivalent vaccines (Gamma/XBB.1.5 and Gamma/JN.1) confirm
that the Gamma antigen in a bivalent vaccine enhances the breadth of the
immune response in immunized animals.

Notably, our results with the bivalent Gamma/XBB.1.5 vaccine
demonstrate that immunization with the ARVAC vaccine can induce
neutralizing antibodies with cross-reactive capacity against other related
viruses, such as SARS-CoV-1 (Fig. 3). Instead, low cross-reactivity against
SARS-CoV-1 has been reported following immunization with updated
COVID-19 vaccines such as BNT162b2 XBB.1.5. A different strategy,
including antigens from MERS-related and SARS-related zoonotic, epi-
demic, and pandemic coronaviruses showed to induce a broad immune
response protecting against Sarbecoviruses and Merbecoviruses in

animals®®. The ARVAC bivalent vaccine, containing Gamma antigen, has
demonstrated broad-spectrum activity against distant SARS-CoV-2 var-
iants and SARS-CoV-1 proposing it as a very strong candidate for devel-
oping a pan-sarbecovirus vaccine. The development of a pan-sarbecovirus
vaccine is critical for global health, as it can target a broad spectrum of
coronaviruses within the Sarbecovirus subgenus, including SARS-CoV and
several SARS-CoV-2 variants. A limitation of this study is the absence of
long-term immunogenicity data, that can evaluate the durability of immune
responses induced by monovalent and bivalent formulations.

Several studies have shown that updated monovalent vaccines reduce
the risk of severe outcomes from infection with SARS-CoV-2 Omicron
subvariants like hospitalization and death’”*. Updating COVID-19 vac-
cines to better match circulating strains is essential for boosting relevant
immunity and maintaining effectiveness against a range of serious clinical
outcomes. The results from ARVAC adapted vaccines support the use of
monovalent vaccines to enhance immune responses to new circulating
variants. Additionally, our study also explores the use of multivalent vac-
cines containing Gamma antigen as a strategy for develop a pan-
sarbecovirus vaccine.

Methods

Cloning of antigens

Constructs from Gamma, Omicron BA.4/5, XBB.1.5 and JN.1 SARS-CoV-2
variants of the antigen encoding a single-chain dimer of the receptor binding
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domain (RBD) comprising amino acids 319R to 537K of the Spike protein
were used. The signal peptide sequence from the SARS-CoV-2 Spike protein
was used for protein secretion. Coding regions for all used final expression
vectors were confirmed by nucleotide sequencing (Macrogen, Korea). The
constructs were codon-optimized for CHO cell expression and synthesized
by GenScript (Hong Kong Limited, Japan). All constructs were cloned into
the pJC3UMCS-4 expression vector (Pablo Cassara Foundation) compris-
ing a CMV promoter and a cis-acting sequence for minimized host gene
silencing. Linearized forms of the vectors were transfected into CHO-S cells
by lipofection.

After 15-20 days of G418 antibiotic selection, end point dilution
procedure was applied for clone isolation. Best clone candidates were
selected by specific and volumetric productivity assessed by ELISA using
cells culture supernatants. Recombinant protein relative abundance was
confirmed by SDS-PAGE and Coomassie Brilliant Blue G-250 staining.
Initial antigen was obtained from supernatants from shake flask cultures
(from selected polyclones and/or isolated clones). Culture medium used for
antigen production was serum free.

Pilot scale manufacture of antigens and vaccines

Pilot batches of antigen and vaccines were manufactured by Laboratorio
Pablo Cassara, Argentina. Controlled cell substrates were used to inoculate a
2-L bioreactor with 1.4 L as working volume or a 200-L single use bioreactor
with 50-75 L as working volume. An alternate tangential flow system (ATF,
Repligen) was used for perfusion. The harvest after 20-25 days was used as
starting material for a downstream process based on three chromatographic
steps: first an affinity mix-mode capture chromatography step followed by
two different ionic chromatography to eliminate residual host cell DNA and
host cell proteins and other process-related impurities. TFF (Tangential flow
filtration) was used to adjust pH, conductivity, and protein concentrations
as needed between successive chromatographic steps and to obtain the
concentrated solution of the antigens. RBD samples were run under redu-
cing and non-reducing conditions by SDS-PAGE (10% polyacrylamide).
The samples were visualized by staining with Coomassie Brilliant
Blue G-250.

ACE2 binding to RBD analyzed by titration ELISA

The hACE-2 receptor was immobilized to ELISA plates (Greiner Bio One F-
Bottom, High Binding, Cat: 655061) by incubation with hACE-2 solution
(1 pug/ml) overnight at 4 °C. The next day was blocked with 5% free fat milk
in PBS/Tween 20 0.05% at 37 °C for 1 h. Serial dilutions of RBD Omicron
BA.4/5, XBB.1.5 and JN.1 were added to the plates and incubated for 2 h at
37 °C. Then plates were washed and incubated for 2 h at 37 °C with in-house
anti-RBD rabbit polyclonal antibody. After extensively washing plates were
incubated for 1h at 37°C with anti-rabbit goat polyclonal antibody con-
jugated with peroxidase (Dako cat. P0448). Signal was detected after adding
TMB substrate solution (OptEIA, BD, Cat:555214). The reaction was
stopped with 10% sulfuric acid solution and the absorbance is measured at
450 nm in Microplate Reader (BIORAD iMark). Three independent assays
were performed per sample and the average EC50 was calculated using the
GraphPad Prism 9.0 program.

Adjuvant and formulations

Pilot batches of vaccines were manufactured using aluminum hydroxide as
adjuvant. Aluminum hydroxide 2% was supplied by CRODA (Croda
International plc, United Kingdom). The antigen was adsorbed onto the
adjuvant by mixing. Free antigen was controlled to be less than 10% of total
antigen in the vaccine. Endotoxin levels of vaccine formulations were
determined by (Limulus amebocyte lysate endochrome kit, Endosafe U.S.
License No. 1197). All vaccine formulations contained <10 EU/50 pug RBD.

Ethics statement

All experimental protocols with animals were conducted in strict accor-
dance with international ethical standards for animal experimentation
(Helsinki Declaration and its amendments, Amsterdam Protocol of welfare

and animal protection and National Institutes of Health, NIH USA,
guidelines). The protocols performed at UNSAM were also approved by the
Institutional Committee for the use and care of experimental animals
(CICUAE) from National University of San Martin (UNSAM) (26/2024).

Animals and immunizations

Eight-week-old female BALB/c mice were obtained from IIB-UNSAM
animal facility. In prime immunization experiments, animals were intra-
muscularly (i.m) inoculated at days 0 and 14 with (i) Omicron XBB.1.5 RBD
(10pg) +Alum  (100pg) (N=6), (i) Omicron BA4/5 RBD
(10 ug) + Alum (100 pug) (N=6), (iii) Gamma RBD (5 ug) + Omicron
BA4/5 RBD (5pg)+ Alum (100pg) (N=6), (iv) Gamma RBD
(5 ug) + Omicron XBB.1.5 RBD (5 pg) + Alum (100 pug) (N'=6) and (vi)
placebo (Alum alone, N=6). In other experiment, animals were intra-
muscularly (im) inoculated at days 0 and 14 with (i) JN.1 RBD
(10 pg) + Alum (100 pg) (N=6), (i) XBB.1.5 RBD (10 pug)+ Alum
(100 pg) (N=6), (iii) Gamma RBD (5pg) + Omicron BA.4/5 RBD
(5ug) + Alum (100 pg) (N=6), (iv) Gamma RBD (5pug) 4+ JN.1 RBD
(5 ug) + Alum (100 pg) (N = 6) and (vi) placebo (Alum alone, N = 6). Blood
was collected on days 28 and 42 post prime immunization. Intramuscular
injections and blood collection via the submandibular route were performed
by trained personnel using a precise and rapid technique without anesthesia.
Animals were sacrificed at day 42 post prime immunization and spleens or
lungs were harvested. Euthanasia was performed using Ketamine +
Xylazine (80 mg/kg ketamine + 16 mg/kg Xylazine) administered by
intraperitoneal route followed by cervical dislocation to minimize animal
suffering.

In booster experiments, 8-week-old female BALB/c mice were im
inoculated on days 0 and 14 with mRNA bivalent Wuhan/Omicron BA.5 or
with monovalent XBB.1.5 vaccines (Spikevax). Two months later a booster
dose was administered with ARVAC adapted vaccines (N = 6) or Spikevax
(bivalent Wuhan/Omicron BA.5 or with monovalent XBB.1.5, N=6).
Blood was collected on day 75 post prime immunization. Intramuscular
injections and blood collection via the submandibular route were performed
by trained personnel using a precise and rapid technique without anesthesia.
Euthanasia was performed using Ketamine + Xylazine (80 mg/kg
ketamine + 16 mg/kg Xylazine) administered by intraperitoneal route fol-
lowed by cervical dislocation to minimize animal suffering.

Viruses

Ancestral SARS-CoV-2 (B.1, GISAID Accession ID EPI_ISL_16290469),
Gamma (P.1, GISAID Accession ID EPI_ISL_15807444), Omicron BA.5
(GISAID Accession ID EPI_ISL,_16297058), Omicron XBB.1.18 (GISAID ID
EPI_ISL_18746184), Omicron XBB.1.5 (GISAID ID EPI_ISL_19035679),
JN.1 (GISAID Accession ID: EPI_ISL_19037293), KP.2.3 (GISAID ID
EPI_ISL_19364512), KP.3.1.1 (GISAID ID EPI ISL 19364512) and
XEC.15.11 (GISAID EPI_ISL_19506555) were isolated from nasopharyngeal
specimens at the Instituto de Investigaciones Biotecnoldgicas (IIB-UNSAM)
and adapted in Vero E6 cultures. Nasopharyngeal swab samples of XBB.1.18
were kindly provided by Dario Alvarez from Centro Rossi (Buenos Aires City,
Argentina). Nasopharyngeal swab samples of JN.1, KP.2.3 and KP.3.1.1 were
kindly provided by Eugenia Ibaiiez from Hospital Alemén (Buenos Aires
City, Argentina) and Dr. Viegas (Public Health Laboratory, National Uni-
versity of La Plata, Buenos Aires, Argentina).

SARS-CoV-2 neutralization assay

Serum samples were heat-inactivated at 56 °C for 30 min. Serial dilutions
were performed and then incubated for 1 h at 37 °C in the presence of 300
TCIDs of SARS-CoV-2 in DMEM 2% FBS. One hundred pl of the mixtures
were then added onto Vero cells monolayers. After 72 h at 37 °C and 5% CO,,
cells were fixed with PFA 4% (4 °C overnight) and stained with crystal violet
solution in methanol. The cytopathic effect (CPE) of the virus on the cell
monolayer was assessed by surface scanning at 585 nm in a microplate reader
(FilterMAx F5 Microplate reader, Molecular Devices, San Jose, CA, USA).
Average optical density (OD) of each well was used for the calculation of the
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percentage of neutralization of viral CPE for each sample as: Neutralization
% =100 x (DOsample - Dovirus control) / (Docell control — D! Ovu'us control)- Non-
linear curves of Neutralization (%) vs. Log 1/sera dilution were fitted to obtain
the titer corresponding to the 50% of neutralization (N'T50).

Antigenic cartography

The R package Racmacs (https://acorg.github.io/Racmacs/index.html) was
used to create antigen cartography maps from serum neutralization titers
against the SARS-CoV-2 live viruses (Gamma, Omicron BA.5, Omicron
XBB.1.8 and JN.1 variants and the ancestral strain Wuhan). Antigenic
distances were measured in antigenic units (AU). One AU corresponds to a
two-fold dilution of the antibody in the neutralization assay. Each square in
the map indicates 1 AU. The antigenic distance is measured in any direction
of the map.

SARS-CoV-1 and SARS-CoV-2 pseudotyped lentivirus
neutralization assay

SARS-CoV-1 and SARS-CoV-2 neutralization assay was performed using
lentiviral particles expressing SARS-CoV-1 or SARS-CoV-2 spike protein on
their surface and containing firefly luciferase reporter gene for detection of
infection as previously described””. Briefly, two-fold serial dilutions of
plasma samples, positive control and negative control were incubated with
the Spike SARS-CoV-1 or SARS-CoV-2 pseudotypes (1x 10° relative
luminescence units (RLU)/well). Human IgGl anti SARS-CoV-2 Spike
CR3022 (The Native Antigen Company, code: MAB12453-100) was used as
positive control for SARS-CoV-1 PSVNA tests. The second World Health
Organization (WHO) International Standard for anti-SARS-CoV-2
immunoglobulin 2022 (NIBSC, code: 21/340) was used as positive control
in SARS-CoV-2 PSVNA assays. Serum minus IgA/IgM/IgG human (Sigma-
Merck, code: $5393) was used as negative control of the PSVNA assays.

The plates containing the pseudotype-serum mixture were incubated
at 37 °C with 5% CO, for 1h. At the end of the incubation, HEK293T-
ACE2-TMPRSS2 stable cell line (NIBSC, code: 101008) (1 x 10° cells/well)
were added to the plate. Pseudotype-only and cell-only wells were included
as controls. After 72h, 50 uL. of Bright-Glo™ Luciferase Assay System
reagent were added to each well and the plate was incubated for 5 min at
400 rpm in the dark (Fisherbrand, code: 88861024). The plates were read
using a luminometer (Promega, Glomax Discover).

The GraphPad Prism version 8.4 package (GraphPad Software,
GraphPad, 2365 Northside Dr, Suite 560, San Diego, CA 92108, USA) was
used to analyze the pseudotype-based neutralization assays. Titers were first
normalized based on the pseudotype-only mean and the cell-only mean, and
inhibitory concentration 50% (IC50) values were calculated by non-linear
regression model analysis (log (inhibitor) vs. normalized response variable
slope). Titers were then expressed as the dilution at which the IC50 value fell.
Samples with IC50 > 20 were considered positive and <20 as negative’".

Determination of T cell immune responses

In prime immunization experiments, 4 weeks after the second dose mice
were sacrificed to study cellular immune responses. Splenocytes and lung
cells were obtained and cultured for 3 or 5 days in the presence of complete
medium or recombinant RBD antigen (Omicron BA.4/5 or JN.1 as detailed
in the legends). Then, supernatants were collected and cytokines (TNF-a,
IFN-y and IL-5) were measured by ELISA (Biolegend. San Diego, CA). For
intracellular cytokine determination: splenocytes were cultured (4x10° cells/
well) in the presence of stimulus medium (complete medium supplemented
with anti-CD28 and anti-CD49d) or Ag stimuli (stimulus medium +
Omicron BA.4/5 or JN.1 RBD-peptides pool (JPT Peptide Technologies
GmbH, Berlin) + recombinant Omicron BA.4/5 or JN.1 RBD protein as
detailed) for 18 h. Next, brefeldin A was added for 5 h to the samples. Cells
were then washed, fixed, permeabilized, stained, and analyzed by flow
cytometry. The cells were stained with Viability dye (Zombie Acqua), anti-
mouse-CD8a Alexa Fluor 488, anti-mouse-CD4 Alexa Fluor 647, anti- TNF-
a PeCy7 and anti-IFN-y PE (Biolegend, San Diego, CA). BD Fortessa LSR-
X20 cytometer with DIVA Software were used for analysis.

Statistical analysis

Statistical analysis and plotting were performed using GraphPad Prism
8 software (GraphPad Software, San Diego, CA). In experiments with more
than two groups, data were analyzed using one-way ANOVA with
Kruskal-Wallis or Bonferroni post-test. When necessary, a logarithmic
transformation was applied prior to the analysis to obtain data with a
normal distribution. In experiments with two groups, an unpaired  test or
Mann-Whitney U test was used. A p value <0.05 was considered sig-
nificant. When exact p values are not shown we used the following reference:
*p <0.05,**p < 0.01 and ***p < 0.001. When bars were plotted, results were
expressed as means = SEM or GMT =+ SD for each group.

Data availability

The data that support the findings of this study are not openly available due
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