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ABSTRACT: The design of effective vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) relies on
eliciting robust cellular and humoral immune responses. In this study, we report the synthesis and immunological evaluation of
synthetic long peptide (SLP) vaccines incorporating immunodominant CD4+ and CD8+ T cell and B cell epitopes from the SARS-
CoV-2 proteome, covalently conjugated to stereochemically defined UPam ligands, which serve as synthetic Toll-like receptor 2
(TLR2) agonists. Using solid-phase peptide synthesis, we generated a panel of R- and S-glycerol-based UPam conjugates with varied
amino acids adjacent to the palmitoylated cysteine. These conjugates were evaluated for their ability to induce dendritic cell
maturation, TLR2 activation, and antigen-specific immune responses. In vitro assays demonstrated that R-UPam ligands, particularly
those containing Dab and Abu residues, were superior in stimulating IL-12p40 production and TLR2 activation compared with their
S-epimer counterparts. In vivo immunization studies in mice revealed that covalent conjugation of UPam to CD8+ T cell epitopes
(VNF and REL) significantly enhanced antigen-specific T cell responses compared to unconjugated mixtures. Furthermore, a UPam-
conjugated B cell epitope fused to a universal helper T cell peptide (PADRE) induced strong dendritic cell activation and enhanced
PADRE-specific CD4+ T and B cell responses, as evidenced by elevated IgG production. These findings underscore the potential of
chirally pure UPam-conjugated peptide vaccines to induce balanced, durable immunity against SARS-CoV-2 by combining TLR2-
mediated adjuvanticity with precise epitope targeting.

■ INTRODUCTION
The development of effective vaccines against infectious
diseases and emerging pathogens has been a cornerstone of
modern medicine.1 In this pursuit, a comprehensive under-
standing of the immune response at the molecular level has
become essential. The utilization of peptide epitopes, small
antigenic regions of the protein that can be targeted by the
immune system, has paved the way for the rational design of
vaccines. Since the outbreak of the COVID-19 virus (SARS-
CoV-2), much research has been dedicated to finding epitopes
to elicit long-lasting, protective immune responses.2 Among
these, CD4+ and CD8+ T cell epitopes derived from the SARS-
CoV-2 spike protein have been targeted, as they can elicit

potent humoral and cellular immune responses, respectively.3,4

The adaptive antiviral immune response to SARS-CoV-2 is
characterized by a T cell response and the generation of
neutralizing antibodies.5,6 The CD8+ T cell response plays a
pivotal role in the efficient clearance of SARS-CoV-2,7 whereas
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the CD4+ T cell response is involved in potentiating effective
viral control by long-lasting virus-specific CD8+ and B cell
immunity.8−10 The integration of conserved dominant B cell
epitopes, against which neutralizing antibodies can be targeted,
further enhances vaccine efficacy and immunological memory.
In recent years, the advent of immunomodulatory molecules,
such as Toll-like receptor 2 (TLR2) ligands, specifically
lipopeptides, has impacted vaccine design. TLR2, a member of
the Toll-like receptor family, plays a crucial role in the
recognition of pathogen-associated molecular patterns
(PAMPs), triggering innate immune responses. Synthetic
lipopeptides, composed of both a lipid and a peptide part,
can be used to mimic PAMPs, making them potent activators
of the innate immune system. The lipopeptides Pam3CysSK4
and Pam2CysSK4 have been extensively explored as adjuvants
for various vaccine treatments (Figure 1), as they engage with
TLR2/TLR1 or TLR2/TLR6 heterodimers, respectively. Such
lipopeptides have been covalently attached to antigenic
peptides to create self-adjuvanting vaccines.11−15 Both ligands
consist of a dipalmitoyl functionalized cysteine moiety, of
which the C-terminus is coupled to the amino acid serine.
Nearly half a century ago, it was demonstrated that the
stereochemistry of the glycerol part significantly influences the
ligand activity. The naturally occurring form of Pam3Cys
comprises glycerol with the R-configuration. However, for the
sake of synthetic convenience, most often, diastereomeric
mixtures of Pam3Cys are employed in vaccine formulations. A
previous study has revealed that enantiomerically pure ligands
can outperform the diastereoisomeric R,S-mixture in terms of
activity.16 Furthermore, it has been shown that the R-epimer
surpasses its S-counterpart in inducing cytokines and
stimulating antibody responses when mice were injected with
whole protein antigens in combination with the Pam3Cys
adjuvants.17−21

Extensive research efforts have been dedicated to increasing
the stimulatory efficacy of the Pam3Cys ligands by systematic

variation of the amino acid sequence flanking the palmitoylated
cysteine residue and the introduction of modifications within
the lipid moieties. It has been demonstrated that the length of
the ester-bound fatty acid chains plays an essential role in
human TLR2 activation. Buwitt-Beckmann et al.22 synthesized
various lipopeptides, varying both the fatty acid chain length
and the lipid chain compositions at the ester and amide
positions. It was shown that lipopeptides featuring short-chain
O-acetylated fatty acids failed to stimulate responses in human
TLR2-transfected HEK293 cells. Longer fatty acid chains (R1,
R2 > C8, Figure 1) proved to be essential for TLR2 activation.
In contrast, the amide-bound fatty acid was of less importance,
as even short-chain lengths (C5) resulted in adequate activity.
Furthermore, it has been demonstrated that a peptide
sequence of at least three amino acid residues is essential for
the immunogenicity of the Pam3Cys lipopeptides. The
amphiphilic nature of lipopeptides is widely acknowledged as
a fundamental physicochemical characteristic.23 Nevertheless,
this can present a significant challenge, as it can lead to
aggregation and precipitation in aqueous solutions, resulting in
reduced bioactivity. To improve the Pam3CSK4 ligand,
Willems et al.24 explored the exchange of the N-acyl lipid for
an N-tetradecylcarbamyl chain, generating the so-called UPam
(Figure 1), which proved to be an improved TLR2/1 ligand.
The UPam ligand was further optimized by changing the
amino acid flanking the cysteine. UPam was utilized in a phase
I clinical trial, where robust HPV16-specific T cell responses
were induced.25 The potential formation of a hydrogen bond
between the urea and the carbonyl from Phe-312, located
inside the hydrophobic pocket of TLR1, can structurally
explain the improved TLR2/1 activity.
We here report the synthesis and immunological evaluation

of several UPam conjugates as potential SARS-CoV-2 vaccines.
Several previously reported UPam ligands were synthesized, as
described by Willems et al.24 and van den Ende,26 altering both
the stereochemistry of the glycerol and the nature of the amino
acid (AA) flanking the cysteine bearing the palmitoylated
glycerol (Figure 2A, 1−8). The selection of derivatives was
made based on the abovementioned UPam SAR study, from
which it became apparent that replacing the amino acid (AA)
serine with either 2,4-diaminobutyric acid (Dab), α-amino-
butyric acid (Abu), or alanine (Ala) led to improved activity.24

The ligand featuring the S-glycerol and a serine (9) was taken
as a negative control. To investigate their suitability as
adjuvants in conjugated coronavirus vaccines, four different
synthetic long peptides (SLPs) containing epitope sequences
were selected (Figure 2A) and used to generate UPam
conjugates. The T cell epitopes include the immunodominant
CD8+ T cell spike525−532 epitope (VNF), an ORF1ab4736−4743
CD8+ T cell epitope (REL), and a CD4+ T cell epitope derived
from the spike protein998−1012 (QQL).7−10 The B cell epitope
(B1) was derived from a sequence of the receptor-binding
domain of the SARS-CoV-2 spike protein, which can interact
with the cell receptor ACE-2; this binding is essential for entry
into cells.28 The B1 sequence was coupled to universal helper
epitope PADRE (PB1). The PADRE epitope has previously
been coupled to a linear B cell epitope, showing improved
specific antibody responses compared to uncoupled.10,29 By
harnessing the cellular immunity driven by CD4+ or CD8+ T
cell epitopes and antibody-mediated protection generated
against the incorporated B cell epitopes, combined with the
adjuvant properties of UPam ligands, we aimed to synthesize
vaccines that elicit a rapid and potent TLR2-related immune

Figure 1. General scaffold representing Pam ligands. Structures of
different TLR2 ligands: Pam2CysSK4 (TLR2/6), Pam3CysSK4
(TLR2/1), and UPam (TLR2).

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.5c00345
Bioconjugate Chem. 2026, 37, 1−10

2

https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig1&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.5c00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


response and provide robust and long-lasting protection
against SARS-CoV-2.

■ RESULTS AND DISCUSSION
For the assembly of the different UPam conjugates and the
reference peptide epitopes, Fmoc-based solid-phase peptide
chemistry (SPPS) was used (Figure 2B and Table S1). Starting
from RAM Tentagel, the protected epitope-containing
peptides were synthesized on a 50 or 100 μmol scale. From
the batches of these intermediate immobilized peptides, 25
μmol was taken to prepare the reference peptides 10−13. To
this end, they were deprotected and cleaved from the resin by
using a standard TFA cleavage cocktail and purified by using
HPLC with a C18 column. The synthesis of the conjugates was
achieved by extension of the immobilized peptides with four
protected lysines and the penultimate amino acid, of which the
nature was varied. Finally, the appropriate cysteine building
block (23) was coupled. After Fmoc removal, treatment with
tetradecyl isocyanate, followed by TFA-mediated deprotection
and cleavage from the resin, generated conjugates 14−22,
which were purified using reversed-phase HPLC with either a

diphenyl or a C4 column. The yields of the different syntheses
are summarized in Table S1.
Immunological Evaluation of the UPam Derivatives and
Conjugates

To investigate the potency of the chirally pure R-UPam
derivatives, the ligands were tested for their ability to mature
murine dendritic cells (DCs) by measuring the IL-12p40
production (Figure 3A). The optically pure R-UPam-Ser (5)
performed similar to the diastereomeric mixture (1), and both
outperformed the S-UPam-Ser (9) in stimulating DC
maturation (Figure 3A). In terms of TLR2 activation, R-
UPam-Ser (5) showed activation higher than that of the
diastereomeric counterpart (1) (Figure 4A). Upon further
analysis of the other modified chirally pure ligands 6−8, it was
observed that all induced a similar level of IL-12p40
production as the parent compound 5, with R-UPam-Dab
and R-UPam-Abu ligands 6 and 7 outperforming R-UPam-Ser
5. This is in line with previous studies on similar
diastereomeric mixtures of UPam ligands.24 Furthermore, all
tested ligands were capable of activating the human TLR2
receptor (Figure 4A), with R-UPam-Ala (8) showing the least
activation. All chirally pure UPam ligand derivatives 5−8 were

Figure 2. (A) Synthesized UPam derivatives (1−9) and peptide sequences containing the SARS-CoV-2 epitopes (underlined) used in this study.
(B) Synthesis of reference peptide epitopes 10−13 and UPam conjugates 14−22 using SPPS.
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active only in cells containing human TLR2 and were inactive
in wild-type HEK293 cells, as measured by IL-8 production
(Figure S1). Conjugating the diastereomeric UPam-Ser to the
SARS-CoV-2 spike CD8+ T cell VNF epitope (as in conjugate
14) did not significantly influence its ability to mature DCs
(compared to 1 and 14, Figure 3B-1). Also, the chirally pure R-
UPam VNF conjugates, R-UPam-Ser-VNF 15, R-UPam-Dab-
VNF 17, R-UPam-Abu-VNF 18, and R-UPam-Ala-VNF 19,
were all capable of inducing DC maturation to similar levels as
the R,S-mixture 14 (Figure 3B-2) and could activate the
human TLR2 receptor (Figure 4B). The conjugate R-UPam-
Ala-VNF 19 could activate the human TLR2 receptor to a
lower extent than did the other conjugates (Figure 4B). The
conjugates could activate immune cells specifically through
TLR2, as seen upon stimulation of TLR2-deficient murine
bone marrow-derived dendritic cells (BMDCs) (Figure S2).
TLR2-deficient BMDCs do not respond to UPam compounds,
while TLR4 signaling is still intact.
As there were no major differences in terms of DC

maturation and TLR2 activation in vitro for different chirally

pure R-UPam derivatives, further studies focused on R-UPam-
Ser (9). The conjugates, in which the chirally pure R-UPam-
Ser was conjugated to the CD8+ REL epitope (11) and the
CD4+ QQL epitope (12), 20 and 21, respectively, were also
able to stimulate IL-12 production. Additionally, the R-UPam-
Ser-VNF conjugate 15, the R-UPam-Ser-REL conjugate 20,
and the R-UPam-Ser-QQL conjugate 21 outperformed the
stand-alone epitopes 10−12 (Figure 3B-3/4). Overall,
conjugating chirally pure R-UPam-Ser to either CD4+ or
CD8+ T cell epitopes resulted in conjugates capable of
maturating dendritic cells in vitro.
Next, the immunodominant CD8+ T cell spike epitope

(VNF) was used in vivo to determine the importance of
conjugating T cell epitopes. Mice were injected intradermally
at the tail base on day 0 (prime) and received a boost
vaccination after 14 days (Figure 5, left). To assess the effect of
conjugation, mixtures of the VNF peptide (10) and UPam
ligands 1 or 2 were evaluated and compared to the RS-UPam-
Ser and RS-UPam-Dab VNF conjugates (14 and 16,
respectively). In addition to the two conjugates, RS-UPam-

Figure 3. (A) Murine dendritic cell maturation in vitro by UPam ligand derivatives at indicated concentrations, as measured by IL-12p40
production: (left) diastereomeric mixture 1 in UPam, R-epimer 5, and S-epimer 9; (right) chirally pure UPam derivatives 5−8 and diastereomeric
mixture 1. Nonsignificant differences are not shown. (B) Dendritic cell maturation by UPam conjugates at indicated concentrations, as measured by
IL-12p40 production: 1. Diastereomeric mixture conjugated to the VNF epitope (14); 2. R-epimer UPam derivatives conjugated to the VNF
epitope (15, 17−19); 3. Chirally pure R-epimer conjugated to the VNF epitope (15) or REL epitope (20); 4. chirally pure R-epimer conjugated to
the VNF epitope (15) or QQL epitope (21).

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.5c00345
Bioconjugate Chem. 2026, 37, 1−10

4

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00345/suppl_file/bc5c00345_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00345/suppl_file/bc5c00345_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00345?fig=fig3&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.5c00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


OVA24, RS-UPam-Ser conjugated to a synthetic ovalbumin-
derived SLP containing the MHC-I epitope SIINFEKL
(OVA24: DEVSGLEQLESIINFEKLAAAAAK), was used as
a control compound as no corona-specific T cell responses can
be raised by this conjugate.30 The levels of VNFNFNGL- or
SIINFEKL-specific CD8+ T cells (control experiment) in the
blood of the vaccinated mice were determined at days 10 and
20 after initial injection using either an MHC class I-
VNFNFNGL or MHC class I-SIINFEKL tetramer. As shown
in Figure 5, there is no difference in spike-specific CD8+ T cell
responses in vivo between the two different UPam ligands
mixed with a VNF epitope (1 + 10 vs 2 + 10). 10 days after
initial injection, these spike-specific T cell responses were
similar to what was observed when injecting mice with the
UPam conjugate containing the unrelated ovalbumin-derived
epitope (RS-UPam-OVA24). However, 20 days after the initial
injection, the responses increased compared to the negative
control RS-UPam-OVA24. The conjugates outperformed the
mixtures with regard to specific T cell responses for both
UPam derivatives (1 + 10 vs 14 and 2 + 10 vs 16), in line with
what has been seen in previous studies,30,31 with RS-UPam-
Dab 16 slightly outperforming the original RS-UPam-Ser 14.

To further demonstrate the importance of UPam conjugation
for CD8+ T cell responses in vivo, the chirally pure R-UPam-
Ser-VNF (15), R-UPam-Ser-REL (20), and R-UPam-Ser-QQL
(21) were injected intradermally in the tail base in mice. Mice
received a prime vaccination at day 0 and a boost vaccination
after 14 days (Figure 6, left).30 The levels of antigen-specific
CD8+ T cells in the blood of the vaccinated mice were
determined at days 10 and 20 using either an MHC class I-
VNFNFNGL or MHC class I-TGYHFREL tetramer (Figure 6,
right). The R-UPam-Ser-QQL CD4 epitope conjugate (21)
was used as a negative control, as it was not expected to give
any MHC class I-specific T cell response seen by the two
aforementioned tetramers. 20 days after the initial vaccination,
we see that the TLR2 ligands conjugated to either the VNF or
the REL CD8+ epitopes were both capable of inducing two
independent SARS-CoV-2-specific CD8 T cell responses. The
control conjugate QQL (21) did not induce detectable CD8 T
cell responses. Therefore, conjugating T cell epitopes to UPam
can augment specific T cell responses in vivo.
It has previously been shown that the production of

neutralizing antibodies is of importance in SARS-CoV-2
vaccination.7 Therefore, the antibody production in response

Figure 4. (A) Human TLR2 receptor activation in HEK293 cells in vitro by UPam ligand derivatives at indicated concentrations, as measured by
IL-8 production: (top) diastereomeric mixture 1 in UPam, R-epimer 5, and S-epimer 9; (bottom) chirally pure UPam derivatives 5−8 and
diastereomeric mixture 1. Nonsignificant differences are not shown. (B) Human TLR2 receptor activation by UPam conjugates at indicated
concentrations, as measured by IL-8 production: R-epimer UPam derivatives conjugated to the VNF epitope (15, 17−19).
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to vaccination with a B cell epitope, coupled to a universal
helper peptide PADRE (as in peptide PB1 13), was compared
to its R-UPam-Ser conjugate 22. First, the conjugate was tested
for its capacity to induce DC maturation in vitro, as measured
by IL-12 production (Figure 7B). The R-UPam-Ser conjugate
induced a significantly higher level of IL-12 than did the stand-
alone peptide. At higher concentrations, conjugate 22
outperformed the stand-alone ligand 5. But, at lower
concentrations, the ligand proved more potent than the
conjugate, highlighting the importance of dosage for IL-12
production and DC maturation.
Subsequently, the efficacy of the UPam-PB1 conjugates in

inducing antibody production was tested in the mice. Mice
were injected at day 0 (prime) and received two boost
vaccinations after 14 and 64 days (Figure 7A). The mice were
vaccinated intradermally at the tail base with either R-UPam-
Ser (5), PB1 epitope (13), or R-UPam-SER-PB1 conjugate
(22) or subcutaneously in the right flank with a positive
control for antibody production composed of a mixture of
Pam3CSK4, incomplete Freund’s adjuvant (IFA), and 13. The
PADRE-specific CD4+ T cell response was observed in the
blood 71 days after initial injection (Figure 7C), where the
UPam conjugate 22 showed higher PADRE-specific T cell
responses compared to both the R-UPam-Ser ligand 5 and the
peptide 13 (latter not significant, p = 0.069). The IgG antibody
serum levels were determined by performing an IgG ELISA

against a linear B cell epitope (B1) derived from the ACE-2
receptor-binding domain of the SARS-CoV-2 spike protein
(Figure 7D). Sera from mice were collected 78 days after initial
injection. In terms of B1-specific antibody production, the
conjugate 22 results in dilution-dependent antibody responses.
Antibody levels were similar to those of PADRE-B cell epitope
peptide 13, indicating that the linear epitope is preserved in the
UPam conjugate vaccine. Importantly, the antibody responses
in sera were cross-reactive to the native spike SARS-CoV-2
protein (Figure 7E), and higher responses induced by the
conjugate vaccine 22 were observed than by the PB1�we
report that a linear B cell epitope from a SARS-CoV-2 spike
protein could successfully be conjugated to UPam without loss
of integrity of the epitope sequence.

■ CONCLUSIONS
This work describes the synthesis of several UPam conjugates
(14−22) containing four different SLPs (VNF, REL, QQL,
and PB1) using the solid-phase peptide synthesis. In addition,
four chirally pure R-UPam derivatives (5−8) were synthesized,
in which the AA flanking the core cysteine, serine (Ser), was
replaced by 2,4-diaminobutyric acid (Dab), α-aminobutyric
acid (Abu), or alanine (Ala). Evaluation of the conjugates
demonstrates the potential of chirally pure R-UPam derivatives
in enhancing dendritic cell (DC) maturation and stimulating
specific immune responses. The chirally pure R-UPam-Ser 5

Figure 5. In vivo CD8+ T cell priming after UPam injection. (A) Naıv̈e C57BL/6 receiving a prime boost vaccination at days 0 and 14 intradermally
at the tail base with a final volume of 30 μL with 2.5 nmol of either peptide VNF (10, 7.35 μg), peptide mixed to 2.5 nmol of RS-UPam-Ser (1, 3.78
μg) or 2.5 nmol of RS-Upam-Ser-VNF (14, 11.1 μg), peptide mixed to 2.5 nmol of RS-UPam-Dab (2, 3.81 μg) or 2.5 nmol of RS-UPam-Dab-VNF
(16, 11.1 μg), or RS-UPam-Ser conjugated to a control peptide (OVA24). (B) Levels of VNFNFNGL- or SIINFEKL-specific CD8+ T cells in the
blood of C57BL/6 mice determined at days 10 and 20 after initial injection using either an MHC class I-VNFNFNGL or MHC class I-SIINFEKL
tetramer, seen by flow cytometry. Data represented as mean ± SD (n = 5). (C) Representative flow cytometry plot representing MHC class I-
VNFNFNGL or MHC class I-SIINFEKL tetramer 20 days post initial injection.
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performed equally well as the corresponding diastereomeric
mixture and outperformed S-UPam-Ser 9, indicating the
superiority of the R-enantiomer. Optimization of the UPam
ligand led to R-UPam-Dab 6 and R-UPam-Abu 7, which
showed improved IL-12p40 production by DC. Conjugation of
R-UPam ligands to the VNF epitope did not compromise DC
maturation or TLR2 activation, and similar results were
observed with the REL and QQL epitopes, highlighting the
versatility of UPam conjugates. Conjugation of the UPam
ligands to the VNF epitope delivered conjugates that
significantly enhanced spike-specific CD8+ T cell responses
in comparison to the mixture of the antigenic peptide and
adjuvant. The R-UPam-Dab conjugate outperformed the R-
UPam-Ser analog, confirming the enhanced efficacy of the
optimized ligands. The R-UPam-Ser conjugates led to
improved T cell responses. These conjugates were also capable
of inducing antibody responses, showing that conjugation does
not hamper the recognition of a linear B epitope. Overall, the
findings described here underscore the potential of chirally
pure R-UPam conjugates in vaccine development, particularly
in inducing robust T cell responses while also highlighting their
potential use to enhance humoral immunity. To this end, other
adjuvants can be investigated, or mixtures of the conjugates
with additional adjuvants (for example, IFA) may be explored.
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Figure 7. In vivo antibody production of SARS-CoV-2 spike protein. (A) Vaccination scheme. Naıv̈e C57BL/6 received a prime boost vaccination
at days 0, 14, and 64 with either the 20 nmol intradermally tail base of the PB1 epitope (13, 21.1 μg), R-UPam-Ser-PB1 conjugate (22, 100 μg), R-
UPam-Ser (5, 30.2 μg) alone, or subcutaneously in the right flank with a positive control composed of 10 nmol Pam3CysSK4 (15.1 μg) mixed with
1 μg poly(I:C) and 20 nmol 13 (21.1 μg) in 50% incomplete Freund’s adjuvant and 50% PBS. (B) Murine dendritic cell maturation in vitro by
UPam-PB1 conjugates at indicated concentrations, as measured by IL-12p40 production for chirally pure R-epimer conjugated to a B cell epitope
B1 (22). (C) Levels of PADRE-specific CD4+ T cells in the blood of C57BL/6 mice determined at day 71 after initial injection using an MHC class
II-PADRE tetramer, as seen by flow cytometry. Data represented as mean ± SD (n = 5). Nonsignificant differences are not shown. One-way
ANOVA with Tukey’s multiple comparison is used. (D) Detection of antibody binding activities against the linear B1 epitope. The biotinylated B1
epitope was bound to streptavidin-coated plates for ELISA detection of specific serum IgG antibodies and (E) antibody reactivity to native SARS-
CoV-2 spike protein. Antibody levels in same sera as panel (D) were measured by IgG ELISA in serum-dilution samples on spike protein-coated
plates from mice at day 78 post initial injection. Intensities were measured at an absorbance of 450 nm with a microplate reader.
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