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A novel chimeric coronavirus spike
vaccine combining SARS-CoV-2 RBD and
scaffold domains from HKU-1 elicits
potent neutralising antibody responses
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Veronica P. Zoest', Wen Shi Lee', Lydia Murdiyarso', Lauren Burmas', Phillip Pymm?, Robyn Esterbauer’,
Andrew Kelly', Hannah G. Kelly'?, Isaac Barber-Axthelm'#, James P. Cooney?®, Kathryn C. Davidson?®,
Merle Dayton?, Courtney E. McAleese®, Marianne Gillard®, Karen Hughes®, Martina L. Jones®,

Marc Pellegrini>>’, Wai-Hong Tham?*8, Ben Hughes®®, Stephen J. Kent"'°, Adam K. Wheatley' /<,

Jennifer A. Juno' < & Hyon-Xhi Tan'

The SARS-CoV-2 spike receptor binding domain (RBD) is the major target for neutralising antibodies.
However, subdomains like RBD may constrain the availability of CD4 T follicular helper (TFH) cells and
impact immunogenicity. We engineered a chimeric trimeric RBD (CTR) glycoprotein, replacing the
RBD of HKU-1 spike with SARS-CoV-2 RBD (ancestral WT/Omicron BA.2). This maintains trimerised
RBD, while providing CD4 help via the HKU-1 scaffold. In C57BL/6 mice, CTR-BA.2 elicited high anti-
BA.2-RBD IgG and neutralising titres, matching native spike responses. Germinal centre B cells were
predominantly WT*/BA.2" cross-reactive, and TFH predominantly recognised HKU-1 epitopes,
demonstrating scaffold-directed help. In macaques, CTR-WT elicited comparable anti-RBD IgG, anti-
spike IgG and neutralising responses to native spike, with elevated RBD-specific GC B cells in draining
lymph nodes. Macaque TFH responses targeted RBD, NTD/S2 or HKU-1 peptides. This chimeric
design overcomes poor RBD immunogenicity by engaging CD4 TFH, maintaining neutralising

responses that is non-inferior to native spike.

The SARS-CoV-2 spike (S) glycoprotein is the primary immunogen in most
COVID-19 vaccines and is highly effective at eliciting neutralising anti-
bodies. Embedded within the spike protein, the receptor binding domain
(RBD) mediates viral engagement with cellular angiotensin-converting
enzyme 2 (ACE2) receptors and subsequent cell entry. While neutralising
antibodies can target distal regions across the spike, including the
N-terminal domain (NTD)" and S2 domain’, the majority of potent neu-
tralising activity is associated with antibodies that directly block RBD-ACE2
interactions’". Vaccines that preferentially focus antibody responses toward

the RBD are therefore a potential pathway to maximising protective vaccine
efficacy.

The RBD subunit itself can be used as a vaccine immunogen””.
However, many studies have demonstrated that monomeric RBD is poorly
immunogenic in pre-clinical models, especially compared to full-length
spike”"”. We have linked this poor immunogenicity, in part, to suboptimal
levels of CD4 T cell help"”. To augment the low immunogenicity of small
protein subdomains while concurrently minimising repetitive boosting of
non-neutralising epitopes, vaccine antigens can be embedded into scaffolds
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or carriers, which can provide T cell help via inclusion of heterologous
sequences. Examples of this approach include the fusion of SARS-CoV-2
NTD and RBD'*" and chimeric influenza hemagglutinin proteins com-
prised of an H5 globular head and H1 stem'®. Immunogenicity can be
further improved through incorporation of trimerisation motifs that
maintain the native-like trimeric conformation of type I glycoproteins and
often augment humoral immune responses compared to monomeric
antigens'”"".

The spike proteins of endemic human coronaviruses (hCoVs) provide
a potential path to present the SARS-CoV-2 RBD in a trimeric format with
ample CD4 T cell help. In addition to ubiquitous seroconversion to hCoV's
in children and adults”', we and others have previously demonstrated
hCoV-specific CD4 T cell memory responses are highly prevalent in the
population™*. We therefore hypothesised that a chimeric immunogen
could harness hCoV-specific CD4 T cells, in this case derived from the
distantly related beta-coronavirus HKU-1, to augment the intrinsically poor
immunogenicity of the SARS-CoV-2 RBD, while limiting the biogenesis or
recall of immunity to the SARS-CoV-2 NTD and S2 domains that have
limited neutralising potency.

Here, we designed a stabilised chimeric trimeric RBD (CTR) glyco-
protein, consisting of an HKU-1 backbone scaffold (NTD and S2 domains)
with the native RBD substituted for the SARS-CoV-2 RBD. We char-
acterised CTR immunogens in murine and macaque models, demonstrat-
ing the efficient elicitation of HKU-1-specific T helper responses and the
induction of serum binding and neutralising antibody activity broadly
comparable to that elicited with native full-length SARS-CoV-2 spike. In
this work, we demonstrate the proof-of-concept viability of a vaccine
strategy based on chimeric glycoprotein design, which combines trimer-
isation and robust CD4 T cell helper responses to drive neutralising
responses to intrinsically poor immunogenic glycoprotein subdomains.

Results

Chimeric spike glycoprotein displays human ACE2 binding, het-
erogenous HKU-1 and SARS-CoV-2 RBD antigenicity, and a tri-
meric tertiary structure

As SARS-CoV-2 continues to evolve in the face of immunity within the
human population, sequences encoding SARS-CoV-2 RBD from ancestral
(WT) or omicron BA.2 strains were engineered into an HKU-1 scaffold
comprising the NTD and S2 domains, which we termed CTR-WT and
CTR-BA.2, respectively (Fig. 1A). CTR constructs were stabilised in a pre-
fusion conformation via the inclusion of S2P modifications™ and in a tri-
meric conformation via incorporation of a T4 fibritin fold-on motif**. CTR
proteins were expressed using mammalian cell culture and purified using
affinity and size exclusion chromatography, with a trace profile similar to
that of trimeric SARS-CoV-2 spike (Supplementary Fig. S1).

We first performed a human ACE2 (hACE2) binding assay to validate
the functional integrity of the RBD within these chimeric antigens (Fig. 1B).
Native spike or RBD proteins from WT or BA.2 strains displayed high
binding activity to hACE2, with comparable binding observed for CTR-WT
and CTR-BA.2 antigens. In contrast, binding was absent for the HKU-1
spike control, which is specific for TMPRSS2”. We also utilised monoclonal
antibodies (mAbs) with known specificities to SARS-CoV-2 RBD, NTD,
and S2 domains to antigenically characterise the spike proteins (Fig. 1C).
RBD-specific mAbs recognised both spike WT and CTR-WT proteins,
confirming appropriate presentation of the RBD in the CTR protein. In
contrast, NTD- and S2-specific mAbs bound spike WT but not CTR.
Numerous mutations present in the BA.2 spike and RBD abrogated the
binding of most mAbs, with the exception of a conserved S2 mAb that
bound spike BA.2, and an RBD-specific mAb (PDI-204) that bound both
spike BA.2 and CTR-BA.2. As expected, the HKU-1 spike was recognised by
a known human beta-coronavirus cross-reactive S2 mAb (COV44-62)**.

The structure of CTR-BA.2 was further analysed using negative stain
transmission electron microscopy (Fig. 1D). Selected 2D class images
revealed CTR-BA.2 in a trimeric conformation, with distinct S1 head and
S2 stalk domains visible (Fig. 1E). Overall, the chimeric coronavirus spike

combining SARS-CoV-2 RBD and scaffold domains from HKU-1 displayed
antigenic integrity and a quaternary structure suitable for further char-
acterisation in immunogenicity studies.

CTR is immunogenic in mice and elicits neutralising antibody
responses comparable to native SARS-CoV-2 spike

To first establish that the chimeric spike glycoprotein elicits protective
responses against SARS-CoV-2, BALB/c mice were prime-boost immu-
nised with combinations of OVA control protein, spike WT, spike HKU-1
and/or CTR-WT co-formulated with Addavax (an MF-59-like squalene
adjuvant) and subsequently challenged with mouse infectious SARS-CoV-2
N501Y virus (Supplementary Fig. S2A)*. Three days post-challenge, lungs
were excised and viral loads were measured. Animals vaccinated twice with
control OVA protein displayed high titres of SARS-CoV-2 in the lung. In
contrast, mice immunised with at least one dose of CTR-WT showed
limited to no viral replication in lungs, comparable to protection seen in
animals vaccinated with spike WT (Supplementary Fig. S2B). Given the
protective potential of the CTR platform, we performed subsequent in-
depth immunogenicity studies in murine models using the CTR-BA.2
antigen to yield more relevant insights, as Omicron BA.2 was the pre-
dominant circulating viral variant during the study period.

To extend upon our previous description of RBD immunogenicity in a
C57BL/6 model"’, we assessed the immunogenicity of CTR-BA.2 by prime-
boost vaccination and compared this to animals immunised with native
SARS-CoV-2 spike from the WT or BA.2 strains (Fig. 2A). CTR-BA.2 was
immunogenic, eliciting serum IgG titres against RBD WT or BA.2 at day 14
post-boost that were comparable to spike-immunised animals (Fig. 2B).
Serological responses elicited by the HKU-1 backbone were observed in
CTR-BA.2 immunised animals, with lower, but detectible anti-HKU-1 IgG
titres seen in native spike-immunised animals presumably arising from
cross-reactive S2 epitopes”. Neutralising activity against the WT live virus
was elicited only in animals vaccinated with spike WT, while BA.2-specific
neutralisation was comparable across all groups (Fig. 2C). None of the
antigens elicited neutralising antibodies against the much more distant
XBB1.5 variant.

To gain insight into the potential cellular event driving the serum
neutralising responses observed, the elicitation of B cell responses in the
draining iliac and inguinal lymph nodes (LN) was assessed by flow
cytometry using recombinant spike WT or BA.2 probes (gating in Sup-
plementary Fig S3A). CTR-BA.2 immunised animals exhibited fre-
quencies of germinal centre (GC) B cells (GL7* CD38") that were
comparable to animals immunised with native spike (Fig. 2D, E). In all
vaccine groups, the majority of antigen-specific GC and memory (GL7") B
cells were cross-reactive (WT* BA.2") (Fig. 2F-I). Probe-specific GC B
cell frequencies were lowest in the CTR-BA.2 group, most likely due to the
presence of S2- and NTD-specific B cells in the native spike-immunised
groups.

These data demonstrate that the placement of SARS-CoV-2 RBD onto
a chimeric HKU-1 backbone is immunogenic and elicits serological and
neutralising antibody responses comparable to native spike glycoproteins.
Mirroring this neutralising antibody response, CTR-BA.2 antigen elicits GC
and memory B cell responses in draining LNs of prime-boost immunised
animals specific against SARS-CoV-2 spike.

CTR elicits T helper responses predominantly from epitopes
within the HKU-1 scaffold

In contrast to whole spike, we and others previously linked the poor
immunogenicity of the SARS-CoV-2 RBD to low availability of CD4 helper
epitopes in mouse models, demonstrating that RBD immunogenicity
requires supplementation with additional CD4 T cell help”*”'. Thus to
determine the source of CD4 T cell epitopes within our different spike
constructs, we immunised mice with a single dose of spike WT, spike HKU-
1, CTR-WT or CTR-BA.2 and characterised the quantity and specificity of
TFH (CD4" CXCR5"" PD-1"" CD44") in the draining LN by measuring
CD154 (CD40L) expression after restimulation with whole spike or RBD

npj Vaccines| (2025)10:275


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-025-01323-6 Article

Spike ancestral/BA

HKU-1 Spike NTD HKU-1 RBD (CTD) SD1/2 I s2 _
CTR Spike I NTD I SO Rgﬂ . I SD1/2 I s2 _
B hACE2 Binding .
2.5 #- CoV-2 Spike WT

& CoV-2RBD BA.2
g + CTR-WT

S 10 o CTR-BA.2

+ HKU-1 Spike

e~ T
0

- CoV-2 Spike BA.2
2.0 % ©- CoV-2RBDWT

T T T T T 1
2.2 2.4 2.6 2.8 3.0 3.2 3.4
Concentration (-log1o[hACE2])

C Spike WT Spike BA.2 ) Spike HKU-1

1.0 1.0
(=] o (=]
2 3 2
8 8 8

0.5 0.5

[ ]
0 0
1 0 1 2 3 -1 0 1 2 3
Concentration (-logio[mAb]) Concentration (-logio[mAb]) Concentration (-logio[mAb])
1.5 CTR-WT 1.5 CTR-BA.2 Monoclonal antibodies:
-~ PDI 96 -o- PDI 250

o . = PDI 204 = PDI123 [NTD
2 2 -+ PDI 215 -e- PDI 181
) 3 RBD
o o -+ CR 3022 -& CC 95-102

05 ~— PDI 238 -+~ COV44-6

5 © o PDI239 —— PGT121 J-vectrl
0
-1 0 1 2 3
Concentration (-log1o[mAb])
.~
Fig. 1 | Design and characterisation of chimeric spike glycoproteins. C Antigenicity of SARS-CoV-2, HKU-1, and CTR spike proteins determined by

A Comparison of SARS-CoV-2, HKU-1 and CTR spike protein constructs. The CTR  ELISA using a panel of monoclonal antibodies. D Negative stain electron micro-
spike was engineered by replacing the RBD (CTD) of HKU-1 with SARS-CoV-2 graph of CTR BA .2, with E selected and magnified 2D class images highlighting
RBD. B Human ACE2 binding capacity of native spike, RBD and CTR proteins. trimer-like conformations.
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Fig. 2 | Prime-boost immunisation of CTR in
C57BL/6 mice. A Immunisation schedule of
mice vaccinated with SARS-CoV-2 WT spike,
SARS-CoV-2 BA.2 spike or CTR BA.2 spike
(n = 5/group, representative of two indepen-
dent experiments). B Serum endpoint titres of
anti-RBD, -RBD BA.2 and -HKU-1 spike at day
35 determined by ELISA. (C) Neutralisation
activity in serum against SARS-CoV-2 D614G,
BA.2 and XBBL1.5 assessed by live virus neu-
tralisation assay. C, D Dotted lines denote the
detection cut off. D Representative staining of
GC B cells (GL7* CD38") and memory B cells
(GL7"). E Frequency of total GC B cells.

F Representative staining and G quantification
of WT and/or BA.2 spike-specific GC B cells.
H Representative staining and I frequency of
WT and/or BA.2 spike-specific memory B cells.
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proteins (Fig. 3A; gating in Supplementary Fig S3B). As previously shown",
spike-specific TFH at 14 days post-vaccination in C57BL/6 mice are targeted
to epitopes localised outside of the RBD (Fig. 3B, C). In HKU-1-immunised
animals, TFH were specific to epitopes unique to the HKU-1 spike and not
cross-reactive with SARS-CoV-2 spike. In mice vaccinated with CTR-WT
or CTR-BA.2, TFH predominantly recognised epitopes within the spike

HKU-1 scaffold (S2 and NTD domains), although some reactivity was
observed towards epitopes within the BA.2 RBD (Fig. 3C). Similar responses
were observed in the non-TFH memory CD4 T cell compartment (Sup-
plementary Fig. S3C). These data demonstrate that the addition of the
HKU-1 spike scaffold effectively supplements CD4 T cell epitopes in a
similar manner as the native SARS-CoV-2 spike.
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Fig. 3 | Assessing TFH responses in CTR-immunised C57BL/6 mice.

A Immunisation schedule to assess primary TFH responses in mice vaccinated with
SARS-CoV-2 WT spike, HKU-1 spike, CTR-WT, CTR-BA.2 spike (n = 5/group
from a single experiment). B Representative staining of lymph node draining
antigen-specific TFH measured by expression of activation marker CD154.

C Frequencies of antigen-specific CD154 * TFH cells upon restimulation with whole
spike or RBD proteins. D Immunisation schedule to assess impact of pre-existing

HKU-1 immunity on CTR immunogenicity. Mice were primed with either Addavax
alone, a peptide pool spanning the HKU-1 spike to prime CD4 T cells or whole
HKU-1 spike protein to prime antibody, memory B and CD4 T cells (n = 5/group
from a single experiment). E Serum endpoint titres of anti-RBD, -RBD BA.2 and
-HKU-1 spike at day 35 determined by ELISA. Dotted lines denote the detection
cut off.

Given the near-universal humoral and CD4 T cell memory to HKU-
1 spike in adult populations™, we next assessed whether pre-existing
HKU-1 immunity would impact the immunogenicity of CTR-BA.2 (Fig.
3D). Given a lack of a murine infection model for HKU-1 and to mimic
HKU-1 immunity, mice were primed with either Addavax alone, a
peptide pool spanning the HKU-1 spike (to prime CD4 T cells) or the
HKU-1 spike protein (to prime antibody, memory B and CD4 T cells).
HKU-1 priming had no impact on WT or BA.2 RBD IgG titres, although
protein priming did drive higher titres of HKU-1 spike-specific IgG
following the CTR-BA.2 boost (Fig. 3E). Overall, these data demonstrate
that the CTR antigen can establish robust GC responses through
recruitment of HKU-1-specific TFH, even in the absence of high-quality
RBD-specific CD4 help. Importantly, pre-existing HKU-1-specific CD4
T cells or serological responses do not appear to inhibit the immuno-
genicity of CTR antigens.

CTR efficiently elicits germinal centres and recalls memory B
cells in animals with prior spike immunity

Clinically approved SARS-CoV-2 booster vaccines are now administered in
a complex immune landscape, including prior COVID-19 infection and/or
primary vaccination. We therefore assessed the immunogenicity of CTR-
BA 2 in animals with prior spike WT immunity (Fig. 4A). Animals were
immunised twice with spike WT and rested 8 weeks before prime-boost
vaccination with spike WT, spike BA.2 or CTR-BA.2. Antibody titres
against either RBD WT or RBD BA.2 were similarly boosted in all groups
following both the 3rd and 4th dose (Fig. 4B). As expected, animals receiving
CTR-BA.2 exhibited significantly higher HKU-1 spike titres after the 4th
dose, due to repeated exposure to the majority of the HKU-1 spike. Neu-
tralising responses at day 105 were similar across all groups against WT or
BA2 viruses, while responses to XBB1.5, a more antigenically distant
Omicron strain, were low or absent (Fig. 4C).
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Fig. 4 | Assessing the impact of prior SARS-CoV-2 spike immunity on CTR

immunisation in C57BL/6 mice. A Immunisation schedule of mice vaccinated first
with two doses of 5 ug spike WT Addavax (day 0 and 21) prior to prime-boost

immunisation with spike WT, spike BA.2 or CTR BA.2 (day 77 and 91) (n = 5/group
from a single experiment). B Longitudinal serum endpoint titres of anti-RBD, -RBD
BA.2 and -HKU-1 spike determined by ELISA. *P < 0.05, statistics were assessed by
the Kruskal-Wallis test. C Neutralisation activity in serum at day 105 against SARS-
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**P < 0.01, statistics assessed by Mann-Whitney test.
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Previous studies have demonstrated that prior humoral immunity can
inhibit the elicitation of secondary GCs upon antigen re-exposure, with
serological boosting derived from GC-independent memory B cell recall
instead””. We therefore assessed lymph node GC dynamics in CTR-BA.2
vaccinated animals with prior spike WT immunity, finding robust elicita-
tion of GC B cells (Fig. 4D-G) and memory B cell (Fig. 4H, I and Supple-
mentary Fig S3D) responses comparable to spike WT or BA.2 vaccine
groups. In terms of specificity, both GC and memory B cells were pre-
dominantly cross-reactive WT* BA.2™ populations, with lower frequencies
of mono-specific populations (WT" or BA.2*) present that matched the
antigenicity of the booster immunogens received (Fig. 4F-I). Compared to
prime-boost vaccinated animals without prior immunity (Fig. 2G), CTR-
BA .2 vaccination in this pre-immune setting displayed similar frequencies
of spike-specific GC B cells 14 days after the last vaccine dose (Fig. 4]),
suggesting that pre-existing antibodies from prior spike WT immunisation
did not negatively impact GC elicitation by CTR-BA.2 immunisation. In
contrast, significantly higher antigen-specific memory B cells were observed
in CTR-vaccinated animals with prior spike exposure, demonstrating recall
of spike-specific memory B cells by the CTR-BA.2 (p =0.0079) (Fig. 4]).
Overall, CTR-BA.2 can efficiently establish de novo GCs and recall memory
B cells in animals with pre-existing immunity against SARS-CoV-2 spike
WT, while simultaneously boosting neutralising antibody responses against
WT or BA.2 to levels comparable to native SARS-CoV-2 spike antigens.

CTR elicits neutralising antibodies in pigtail macaques with prior
human coronavirus immunity
Based on the success of the CTR platform in eliciting neutralising anti-
bodies and recruiting HKU-specific CD4 help in mice, we conducted a
prime-boost trial in pigtail macaques (Macaca nemestrina), which
represent a more genetically diverse pre-clinical model (Fig. 5A). As we
found no evidence for prior hCoV humoral immunity in macaques upon
serological screening (not shown), we first vaccinated ten animals with a
cocktail of the 4 common human coronavirus (hCoV) spike proteins
(HKU-1 OC43, NL63 and 229E) to mimic the high prevalence of
endemic hCoV immunity found in the wider human population. Eight
weeks after the second hCoV vaccination, animals were segregated into
two groups, receiving either two doses of SARS-CoV-2 spike WT or
CTR-WT protein (n = 5/vaccine group). Animals were serially bled post-
vaccination for serological assays, with cellular immunity assessed in
draining LN collected at necropsy in week 22.

Serological IgG responses were assessed longitudinally against HKU-
1 or SARS-CoV-2 spike antigens (Fig. 5B). All animals exhibited ser-
oconversion against HKU-1 spike upon receipt of two doses of the hCoV
spike cocktail. Low titres of IgG cross-reactive with spike WT (but not
RBD) were detected in all animals post-week 8, likely reflecting responses
to cross-reactive S2 epitopes; these responses rapidly waned to low levels
(<10%). Antibodies to HKU-1 were boosted in macaques immunised with
CTR-WT compared to animals boosted with SARS-CoV-2 spike, with
significantly elevated titres observed out to necropsy (median: 2.92 x 10*
vs 4.88 x10%, respectively; p = 0.0317). Despite CTR-WT carrying only the
SARS-CoV-2 RBD, macaques immunised with either CTR-WT or SARS-
CoV-2 spike elicited comparable levels of anti-SARS-CoV-2 spike WT
IgG titres by week 22 (median: 2.21 x 10* vs 2.58 x10% respectively). Anti-
RBD WT IgG titres appeared higher in three of the five CTR-WT animals
compared to the spike WT group (median: 2.12 x 10* vs 8.01 x 10°,
respectively), although there was substantial variability across the modest
numbers of outbred macaques and this did not reach statistical sig-
nificance. IgG responses against BA.2 spike were elicited at modest and
comparable levels between groups (median: 4.50 x 10° vs 9.53 x 10°,
respectively). Neutralising antibody responses against WT SARS-CoV-2
were only detectable after two doses of spike WT or CTR-WT, and were
comparable between vaccine groups (Fig. 5C). Overall, CTR efficiently
elicits binding and neutralising antibody responses against SARS-CoV-2
in non-human primates with prior hCoV immunity, comparable to levels
elicited by canonical spike antigens.

CTR elicits lymph node TFH and B cell responses in pigtail
macaques with prior human coronavirus immunity

GC B cell responses in draining LNs of immunised macaques at week 22
were assessed by flow cytometry using recombinant spike WT, RBD WT
and CTR-WT probes (Fig. 6A; gating in Supplementary Fig S4A). Sig-
nificantly larger populations of class-switched GC B cells (p = 0.0078, IgG*
IgD" BCL-6" CD95") and probe-specific GC B cells (p = 0.002, CTR-WT*
RBD") were identified within ‘draining’ versus ‘non-draining’ LNs (Sup-
plementary Fig S4B), validating the identification and recovery of LNs
draining the intramuscular vaccination site. However, the draining LN was
not identified in one macaque from the spike WT vaccinated group, which
was therefore omitted in subsequent analyses (1 =4 for spike WT group,
n=>5 for CTR-WT group)

Vaccination with either spike WT or CTR-WT elicited comparable
total GC B cell frequencies (median: 22.6% vs 29.9%, respectively) (Fig. 6B).
Antigen specificity was assessed using two probe combinations: CTR-WT/
RBD WT or spike WT/CTR-WT (Fig. 6A). All macaques displayed similar
frequencies of RBD-specific (CTR-WT* RBD") GC B cells, demonstrating
equivalent immunoprominence of the RBD within the HKU-1 scaffold or
the native SARS-CoV-2 spike (Fig. 6B). As expected, mono-specific popu-
lations denoting CoV-2 S2 (CTR-WT, spike WT*; 3.25% vs 1.61%) or
HKU-1 specific (CTR-WT", spike WT'; 4.79% vs 10.8%) GC B cells were
found most commonly in spike WT or CTR-WT immunised macaques,
respectively. Probe” B cells in the non-GC (BCL-6°) population, likely
demarking the memory pool, were present at lower frequencies within
draining LNs and were comparable between vaccine groups (Supplemen-
tary Fig S4C).

TFH (CD3" CD4" CXCR5"" PD-1"") frequencies in draining LN
were also assessed following vaccination (Fig. 6C; gating in Supplementary
Fig S5A). Both vaccines elicited comparable frequencies of bulk TFH (PD-
1" CXCR5"") and proliferating TFH (Ki67*) (Fig. 6D, E). While TFH can
exhibit variable expression of CXCR3 and CCR6 (potentially reflecting Th1
or Thl7-like polarisation) across different infections and vaccine
regimens ", the majority of TFH in the draining LN were CXCR3" CCR6
(Fig. 6F).

To assess the antigen specificity of the TFH elicited by each vaccine,
we restimulated LN cell suspensions with HKU-1 spike, SARS-CoV-2
RBD, or SARS-CoV-2 NTD + S2 peptide pools in vitro (Fig. 6G; gating in
Supplementary Fig S5B) and assessed upregulation of CD25 and OX-40".
Median frequencies of AIM* TFH and central memory T cells (TCM,
CD28" CD95") were similar between vaccine groups across all specifi-
cities (Fig. 6H). 8 out of 9 macaques exhibited antigen-specific AIM
response above background to at least two of the peptide pools tested,
highlighting the diverse sources of CD4 T cell help established by both
vaccines and the extent of inter-animal variability in TFH repertoire
(Fig. 6I). Notably, two of the five CTR-WT animals exhibited particularly
high frequencies of HKU-specific TFH, demonstrating the extent to which
scaffold-derived T cell epitopes can be recruited into the GC response.
These data demonstrate that the immunogenicity of CTR in non-human
primates with prior hCoV immunity was comparable to the canonical
spike WT antigen, eliciting lymph node GC B and TFH cells of similar
phenotypes and specificities.

Discussion

In this study, we show that the RBD, a key neutralising domain for SARS-
CoV-2, can be engineered to be displayed on an hCoV HKU-1 spike gly-
coprotein backbone. This chimeric antigen displayed a trimeric con-
formation, with RBD presented in a manner capable of hACE2 binding, and
elicited neutralising antibody responses comparable to native spike coun-
terparts in macaque and murine models. We also demonstrate that the
HKU-1 backbone can efficiently display RBD substituted from either
ancestral or Omicron BA.2 SARS-CoV-2, with the potential to extend this to
more current variants. This proof-of-concept design highlights a viable
strategy for the supplementation of TFH epitopes to augment the intrinsic
immunogenicity of the RBD, which we and others previously demonstrated
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Fig. 5 | Antibody response and neutralisation kinetics in CTR-WT- and spike
WT-vaccinated pigtail macaques. A Spike (top) and CTR (bottom) immunisation
and bleed schedule in macaques. (n = 5/group). All animals were immunised with a
cocktail of human coronavirus spike proteins (yellow circle; HKU-1 OC43, NL63
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