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ABSTRACT

Low-cost, refrigerator-stable COVID-19 vaccines will facilitate global access and improve vaccine coverage
in low- and middle-income countries. To this end, subunit-based approaches targeting the receptor-
binding domain (RBD) of SARS-CoV-2 Spike protein remain attractive. Antibodies against RBD neutralize
SARS-CoV-2 by blocking viral attachment to the host cell receptor, ACE2. Here, a yeast-produced recom-
binant RBD antigen (RBD-L452K-F490W or RBD-J) was formulated with various combinations of alumi-
num-salt (Alhydrogel®, AH; AdjuPhos®, AP) and CpG 1018 adjuvants. We assessed the effect of antigen-
adjuvant interactions on the stability and mouse immunogenicity of various RBD-J preparations. While
RBD-J was 50% adsorbed to AH and <15% to AP, addition of CpG resulted in complete AH binding, yet no
improvement in AP adsorption. ACE2 competition ELISA analyses of formulated RBD-J stored at varying
temperatures (4, 25, 37°C) revealed that RBD-J was destabilized by AH, an effect exacerbated by CpG. DSC
studies demonstrated that aluminum-salt and CpG adjuvants decrease the conformational stability of
RBD-J and suggest a direct CpG-RBD-J interaction. Although AH+CpG-adjuvanted RBD-J was the least
stable in vitro, the formulation was most potent at eliciting SARS-CoV-2 pseudovirus neutralizing anti-
bodies in mice. In contrast, RBD-J formulated with AP+CpG showed minimal antigen-adjuvant interac-
tions, a better stability profile, but suboptimal immune responses. Interestingly, the loss of in vivo potency
associated with heat-stressed RBD-J formulated with AH+CpG after one dose was abrogated by a booster.
Our findings highlight the importance of elucidating the key interrelationships between antigen-adjuvant
interactions, storage stability, and in vivo performance to enable successful formulation development of
stable and efficacious subunit vaccines.

ARTICLE HISTORY
Received 25 March 2022
Revised 6 May 2022
Accepted 16 May 2022

KEYWORDS

COVID-19; vaccine; RBD;
alum; CpG; adjuvant;
formulation; stability;
immunogenicity

Introduction

Monumental efforts over the past 2 years have led to the
successful approval and use of first-generation COVID-19
vaccines in record time." Nevertheless, global vaccine access
and vaccination coverage in Low- and Middle-Income coun-
tries (LMICs) remains well behind the rest of the globe.2 In
fact, according to the World Health Organization (WHO),
nearly 85% of the world’s current COVID-19 vaccine supply
has gone to the well-to-do high- and upper-middle-income
countries.” Moreover, the two widely administered mRNA
vaccines—Comirnaty (Pfizer-BioNTech) and Spikevax
(Moderna)—are expensive and have ultra-low frozen storage
temperature requirements, which present cold chain and deliv-
ery challenges in resource-limited LMICs.*® A next-
generation, low-cost, and easily manufactured subunit

COVID-19 vaccine stable at refrigerated (or ambient) tempera-
tures is thus urgently needed to facilitate improved vaccine
coverage in LMICs.”

SARS-CoV-2 is the etiologic agent of COVID-19. The
surface of SARS-CoV-2 is studded with 40 copies of
a trimeric club-shaped glycoprotein called spike. The recep-
tor-binding domain (RBD) of spike protein promotes
attachment to angiotensin-converting enzyme 2 (ACE2)
and thereby promotes viral entry into host cells.*’
Antibodies against multiple conformation-dependent epi-
topes on RBD are capable of blocking interactions with
ACE2, thereby neutralizing SARS-CoV-2.'""!'" Due to
RBD’s important functional biological properties (e.g.,
ACE2 binding, key neutralizing epitopes, and independent
folding),'* as well as its attractive developability properties
(e.g., high thermal stability,"> low-cost manufacturing, and
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. .1: 14,1
ease in scalability), 5 there are numerous efforts to

develop RBD-based subunit vaccine candidates.'®'” Due to
limited immunogenicity, however, recombinant subunit
vaccines invariably require the use of adjuvants, and RBD
is no exception.'®? Aluminum salts are the most com-
monly used adjuvants with well-established safety and effi-
cacy records over the past 70years and are in use in
numerous approved vaccines, including DTaP, Tdap, Hep
B, Men B, HPV, and anthrax.?°~2?> Aluminum salt adjuvants
induce primarily humoral Th-2 type immune response and
are widely available at low cost.*>** In contrast, CpG oli-
godeoxynucleotide adjuvant is a TLR-9 agonist currently
widely used in pre-clinical and clinical testing*>*® but com-
mercially only in the hepatitis B subunit vaccine
(Heplisav'™).>”?® CpG induces a Thl-type immune
response and, therefore, can be used in synergy with alu-
minum salt adjuvants to elicit a robust and balanced cel-
lular and humoral immune response.”™"

There are not only several reports of aluminum salt and/or
CpG-adjuvanted RBD-based subunit vaccine candidates in pre-
clinical and clinical development but there has also been a recent
emergency use authorization in India of an RBD-based vaccine
containing both aluminum salt and CpG adjuvants.’> ** In
general, adjuvanted RBD-based candidates have been reported
to induce robust neutralizing antibody responses and protection
in SARS-CoV-2 challenges studies. Nevertheless, the key phar-
maceutical attributes of candidate RBD-based vaccine formula-
tions, such as the nature of antigen-adjuvant interactions, have
only been reported for one RBD candidate formulated with
aluminum salt adjuvant,45 and the effect of such interactions
on the storage stability of RBD antigen has not been reported for
any candidate. A careful evaluation and optimization of these
pharmaceutical attributes is critical to optimize vaccine formu-
lation in terms of preserving structural integrity and physico-
chemical properties of the antigen during manufacturing, long-
term storage, and administration. Additionally, the development
and use of appropriate analytical methods that can characterize
the RBD on aluminum salt and indicate its stability are critical.
Due to interference from aluminum salt adjuvants, the antigen
often needs to be desorbed from the surface of the adjuvant prior
to analysis.*> A desorbed antigen may have different conforma-
tional properties than an adjuvant-bound antigen, and therefore,
the measured properties may not give a true picture of the
antigen when adsorbed to an adjuvant.

In this work, we report on a combination of mouse immu-
nogenicity and storage stability results with a recombinant RBD
variant referred to as RBD-] (RBD-L452K-F490W) expressed in
alow-cost Pichia pastoris expression system,>® and formulated in
the presence of aluminum salt (Alhydrogel®; AH and AdjuPhos®;
AP) and CpG adjuvants. Compared to wild-type RBD, RBD-]
demonstrates enhanced production titers and ACE2 binding
affinity, and is highly immunogenic in mice.*® We established
analytical methods to characterize antigen-adjuvant interactions
(SDS-PAGE, UV-Visible spectroscopy, and intact protein mass
spectrometry) and determined their effects on RBD-J conforma-
tional stability (DSC). To monitor the storage stability of antigen
adsorbed to aluminum salt adjuvant, we developed a competitive
ELISA that measures the ACE2 binding activity of RBD-J with-
out desorption. Next, we prepared various formulations of RBD-

J with AH or AP in the presence and absence of CpG. We also
assessed the effect of varying levels of antigen-adjuvant interac-
tions on in vivo mouse immunogenicity and in vitro storage
stability of RBD-]J. Finally, we investigated the relationship
between the stability of RBD-J formulations and their immuno-
genicity in mice.

Materials and methods
Materials

RBD-] was produced by secretion from Pichia pastoris,
purified, and stored at —80°C in 20 mM NaPO,, 100 mM
NaCl buffer (pH 8.0) as described.’® Frozen RBD-] was
thawed at ambient temperature for 30 min, 0.02% PS80
(Thermo Scientific, 28329) was spiked in, and then the
protein solution was dialyzed into a formulation buffer
(20 mM histidine, 100 mM NaCl, 0.02% PS80, pH 6.5)
using 3.5 K MWCO dialysis device (Thermo Scientific,
88400) as per manufacturer’s protocol and stored at 4°C
until sample preparation on the same day. AH (10 mg/mL
Al content, # vac-alu-250) and AP (5 mg/mL Al content, #
vac-phos-250) were purchased from InvivoGen. CpG 1018
was obtained from Dynavax Technologies in the form of
a lyophilized powder containing the oligonucleotide along
with some residual NaCl. The freeze-dried material was
reconstituted to ~12 mg/mL in 20 mM Tris, 100 mM NaCl
buffer at pH 7.5 per the manufacturer’s protocol. Sodium
chloride and sodium phosphate dibasic heptahydrate were
purchased from Thermo Fisher, L-histidine, and sodium
phosphate monobasic monohydrate were purchased from
Sigma-Aldrich.

Methods

Experimental details of sample preparation and setup of anti-
gen-adjuvant binding studies, as well as preparation of formu-
lations used in mouse immunogenicity and storage stability
studies, are provided in the Supplementary methods.
Descriptions of the various physicochemical techniques
(including SDS-PAGE, UV-Visible spectroscopy, intact pro-
tein mass spectrometry, and DSC) used in this work have been
described previously (see ref.*”) and are also described in the
Supplementary methods. The competitive ELISA used to
monitor binding of adjuvanted RBD-]J to ACE2 (obtained
through Global Health Vaccine Accelerator Platforms portal,
GH-VAP) was adapted from methodologies described for
other antigens.*® Experimental procedures and materials used
for mouse immunogenicity studies including endpoint titer
ELISA, multiplex immune assay, and pseudovirus neutraliza-
tion assay are also provided in the Supplementary methods.

Results

Interaction of RBD-J antigen with aluminum salt
adjuvants with and without the addition of CpG

The extent of RBD-] binding to AH and AP in the presence and
absence of CpG was determined using quantitative SDS-PAGE
analysis under reducing conditions (Figure la). The in-
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Figure 1. Interaction and binding of RBD-J and CpG to aluminum salt adjuvants (AH and AP). (a) Reducing SDS-PAGE to determine binding of RBD-J to AH and AP in the
absence (highlighted in the red box, Lanes #6-9) and presence (highlighted in the blue box, Lanes #10-13) of CpG 1018. U= Unbound RBD-J, B = Bound RBD-J. Lanes
#1-5 are increasing amounts of unadjuvanted in-solution RBD-J to generate standard curve for RBD-J quantitation. Lane #14 is a molecular weight standard. (b)
Representative spectra from densitometric analysis of gel using ImageJ software along with the standard curve generated to quantify amount of unbound and bound
protein (c) Representative UV-Visible spectroscopy spectra for CpG in unbound (U) and bound fractions (B) after adsorption to AH and AP, and (d) summary table with
compiled results for percentage of RBD-J and CpG bound to AH and AP. *LOQ = 15%.

solution protein control for the standard curve (Lanes #1-5)
resolved into a main band at ~30 kDa and higher molecular
weight (HMW) species ranging up to ~160 kDa. PNGase-F
treatment combined with SDS-PAGE and intact protein mass
spectrometry analysis revealed that RBD-] is (1) glycosylated
(hyper-mannosylated forms ranging from 9 to 23 units), and
(2) has N-terminal heterogeneity (Pro-RBD-]) due to ineffi-
cient clipping of the [pro] region of the alpha-factor signal
peptide (Suppl. Fig. S1, see discussion). These various species
of RBD-]J are functional and can bind ACE2 as observed by
competitive ELISA (see below).

The total amount of RBD-] (main band + HMW species)
bound (or unbound) to aluminum salt adjuvant in the presence
and absence of CpG was determined by densitometric analysis of
the gel (Figure 1b). As summarized in Figure 1d, RBD-] binds
only partially to AH (~50%), and as shown in Figure 1b, the
HMW species preferentially bind, the main band species par-
tially bind, and thus the unbound fraction consists of the main
band species only. Interestingly, when CpG is included, RBD-]
binds 100% to AH (Figure 1d). In the case of AP, which has the
opposite surface charge of AH under these solution conditions,
much less RBD-J binds (< LOQ = 15%), and CpG addition does
not affect antigen-adjuvant binding (see discussion).

The binding of CpG to both AH and AP in the pre-
sence of RBD-J was determined by measuring the A260 of
supernatant and pellet fraction using UV-Visible spectro-
scopy (Figure 1c). In the presence of RBD-J, CpG (a
negatively charged oligodeoxynucleotide) binds completely
to the positively charged AH and does not bind to the
negatively charged AP (Figure 1d). Similar results were
observed without RBD-] (data not shown). In summary,
in the case of AH, CpG increases the levels of AH-bound
RBD-J (from ~50% to ~100%), but RBD-J has no effect on
AH-bound CpG (100% bound). In the case of AP, both
CpG and RBD-] separately or in combination remain
mostly unbound (<15% bound).

Effect of antigen-adjuvant interactions on mouse
immunogenicity of RBD-J formulations

Based on our understanding of RBD-J-adjuvant interactions
described above, we prepared seven different formulations with
varying degrees of RBD-] binding to aluminum salt adjuvants,
with and without the addition of CpG (Table 1). Formulations
F1 and F2 with AH contained ~50% bound and ~100% AH-
bound RBD-J, respectively (the 100% AH-bound RBD-J sam-
ple was generated using 2X antigen levels followed by removal
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Table 1. RBD-J formulations prepared to assess the effect of antigen-adjuvant interactions on mouse immunogenicity and storage stability. Seven formulations (F1-F7)
of RBD-J were prepared in various combinations with AH, AP, and CpG. The composition of each formulation and the percentage of RBD-J and CpG bound to AH or AP is
displayed along with the concentration of antigen and adjuvants in each formulation and the dose subcutaneously injected in mice (Balb/c, 50 ul injection volume).
Note that the target concentration of RBD-J in each formulation was the same (100 mcg/ml). *LOQ = 15%.

% Bound to aluminum adjuvant

Concentration (mcg/mL)

Dose injected in mice (mcg)
Injection volume = 50 pL

Formulation No.  Adjuvant RBD-J CpG 1018 RBD-J Aluminum adjuvant CpG 1018 RBD-J Aluminum adjuvant CpG 1018 No. of mice
F1 AH 50 - 100 1500 - 5 75 - 9
F2 AH 100 - 100 1500 - 5 75 - 9
F3 AH+CpG 100 100 100 1500 600 5 75 30 9
F4 AP <15* - 100 1500 - 5 75 - 9
F5 AP+CpG <15* 0 100 1500 600 5 75 30 9
F6 CpG B - 100 - 600 5 - 30 9
F7 No adjuvant 100 - 5 - 9

of supernatant upon ~50% AH binding) (see Supplementary
methods). The F2 formulation contained a greater degree of
HMW species of RBD-] due to their preferential binding to AH
(see Discussion). In formulation F3, RBD-] was combined with
both AH and CpG (AH+CpG) such that both RBD-J and CpG
were completely (100%) bound to AH. In contrast, formula-
tions F4 and F5 contained AP, without and with CpG, respec-
tively, with <15% RBD-J bound to AP in both formulations.
Formulation F6 contained RBD-]J in solution with CpG, while
formulation F7 was an unadjuvanted RBD-] control.

The impact of varying extent of antigen-adjuvant interactions
on immunogenicity was assessed in a mouse model, and
a summary of the prepared formulations is shown in Table 1.
Groups of BALB/c mice (n =9 per group) received 5 mcg RBD-]J
on day 0, followed by a booster of the same dose and formulation
on day 21. The degree of adsorption of RBD-J samples injected
into mice on days 0 and 21 in each aluminum-adjuvanted for-
mulation was confirmed by SDS-PAGE and no differences over
time were observed. Serum samples were collected on days 21, 35,
and 65 and tested for RBD and full-length trimeric spike-binding
IgG, IgG subclass distributions, and SARS-CoV-2 neutralizing
titers using a lentivirus-based pseudovirus (Figure 2a). On day
21, 8 out of 9 mice that received AH+CpG-adjuvanted RBD-J had
robust anti-RBD-] serum IgG titers (mean titer >10°) (Figure 2b).
In the other groups of animals, only an occasional mouse sero-
converted by day 21. After a boost on day 21, virtually all mice
seroconverted by day 35 or 65, although there was a range of titers
dependent on the formulation. Serum IgG reactivity to wild-type
(WT) RBD and full-length trimeric spike mirrored that of RBD-]
with the highest titers elicited by AH+CpG group (Suppl. Fig.
S2a). Analysis of day 65 sera demonstrated that RBD-J formula-
tions containing AH (50% bound), AH+CpG, and AP+CpG had
higher WT RBD-specific titers as compared to other formulations
(Suppl. Fig. S2a). Finally, the IgG response across all formulations
consisted predominantly of IgG1, with detectable levels of IgG2a
and IgG2b induced in AH+CpG and AP+CpG formulations
(Suppl. Fig. S2b).

We used a lentivirus-based pseudovirus assay to assess SARS-
CoV-2 neutralizing titers in mice that were vaccinated with the
RBD-] adjuvanted with AH+CpG (Figure 2¢). On day 21, only
a single mouse had detectable neutralization titers (NTs).
However, by day 35 (2 weeks after boost), all nine mice in this
group achieved NTs, titers and those titers increased further
by day 65. In contrast, despite all other RBD-] formulations

yielding elevated endpoint titers at days 35 and 65, only one
mouse given AH (50% bound) and 2 mice given AP+CpG for-
mulations had detectable neutralizing responses on day 65 (data
not shown). In summary, only the AH+CpG-containing formula-
tion of RBD-J induced a robust virus-neutralizing antibody
response, while the other adjuvant combinations primarily elicited
non-neutralizing antibodies.

Development of competitive ELISA method to determine
storage stability of adjuvanted RBD-J formulations by
measuring antigen binding to ACE2

We developed a competitive ELISA that measures the
binding of RBD-J to ACE2 in the presence or absence of
adjuvants without the need to desorb the RBD-J bound to
AH (Figure 3). This assay was used to monitor the storage
stability of the seven RBD-J formulations evaluated in the
mouse immunogenicity studies described above. In this
competitive ELISA format, ACE2 was pre-incubated with
formulated RBD-J samples and then transferred to an
ELISA plate coated with RBD-]J antigen, followed by detec-
tion of ACE2 binding to the plate (see Supplementary
methods). This assay results in an inverse dose-response
curve where increased ACE2 - RBD-J binding in the test
samples leads to decreased binding of ACE2 to the RBD-]J
antigen bound to the ELISA plate.

Competitive ELISA on AH-adjuvanted and in-solution
RBD-] gave similar concentrations of native RBD-J (i.e.,
RBD-J that binds ACE2) in both samples (Figure 3a),
indicating that the AH-adjuvanted RBD-J bound similar
amounts of ACE2 as RBD-] in solution. Upon separation
of AH-bound and unbound (in-solution) RBD-J, the mea-
sured concentration of native RBD-J in each fraction was
nearly similar, indicating partial (~50%) binding of RBD-]J
to AH, a result consistent with the previously described
SDS-PAGE analysis (see Figure 1). For RBD-J formulated
with AH+CpG, the native RBD-] concentrations
approached that of the unadjuvanted in-solution reference
(ranging from ~75% to ~92%) (Figure 3b). Upon parti-
tioning of AH-bound and unbound (in solution) fractions,
it was confirmed that essentially 100% RBD-]J was in the
bound fraction, indicating complete binding of RBD-J to
AH in the presence of CpG (again consistent with SDS-
PAGE analysis; Figure 1). In summary, minimal to no
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Figure 2. In vivo mouse immunogenicity of RBD-J adjuvanted with aluminum salt and CpG adjuvants. (a) BALB/c mice (n =9) were given a subcutaneous primary
vaccination on day 0 and boosted on day 21 with 5 mcg RBD-J in various combinations with aluminum salt and CpG adjuvants. Sera were collected on day 21, 35, and
65. (b) anti-RBD-J IgG titer for each formulation group and (c) Pseudovirus neutralization titers (NTs) for AH+CpG group on day 21, 35, and 65. All NTs, values were
determined using a best-fit nonlinear regression on serum dilution curves. The dashed lines represent group mean and the errors bars indicate standard deviation.
Significance between time-points was determined using Kruskal-Wallis test and post hoc Dunn’s multiple comparisons test (*p < 0.05; **p < 0.0; ***p < 0.001; ****p <
0.0001). lllustration in (a) was created with Biorender.com.
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Figure 3. Competitive ELISA method development to measure the ACE2 binding of RBD-J in the presence and absence of adjuvants. Representative dose—
response curves along with measured native RBD-J concentration in (a) AH-adjuvanted and (b) AH+CpG-adjuvanted formulations. Adjuvanted drug
product, along with unbound and bound fractions of the drug product (generated by centrifugation of the sample) were compared to unadjuvanted in-
solution RBD-J reference. Representative dose response curves along with measured native RBD-J concentration from forced degradation studies on (c) AH
and (d) AH+CpG-adjuvanted formulation. Partially and completely denatured RBD-J samples (heat and DTT treatment, respectively) were adjuvanted and
then compared to the corresponding unstressed adjuvanted RBD-J reference. Bars represent mean and error bars represent range of values with n=2 (2
independent runs). For each test condition, the percentage of native RBD-J relative to reference is indicated above the bars.

losses were observed in the ability of RBD-J to bind ACE2
upon the addition of adjuvants. Using this competitive
ELISA method, RBD-] samples were successfully evaluated
for ACE2 binding without the need for desorption from
adjuvants, and the percent of AH-bound RBD-J (+ CpG)
obtained by this method correlated well with SDS-PAGE
analysis.

Next, we determined the stability-indicating nature of the
above competitive ELISA method. Forced-degraded AH- or
AH+CpG-adjuvanted RBD-]J samples prepared by either par-
tially or completely denaturing the protein (by heating at 53°C
for up to 80 min or by incubating with 20 mM dithiothreitol
(DTT) at 37°C for 30 min) were compared to the unstressed
adjuvanted RBD-J control. The heat-stressed samples dis-
played a gradual time-dependent decrease in RBD-J-ACE2
binding, indicating loss of native RBD-J (Figure 3c,d).
Interestingly, following heat stress, AH+CpG-adjuvanted sam-
ples of RBD-] displayed a more pronounced loss of ACE2
binding compared to RBD-J adjuvanted with AH alone.
Additionally, reduction of all four disulfide bonds of RBD-]
upon treatment with DTT (as confirmed by intact protein mass
spectrometry; data not shown) resulted in a complete loss of
ACE2 binding-native RBD-]J. Overall, these results established
the stability-indicating nature of this competitive ELISA
method, which was then used to monitor the storage stability
of adjuvanted RBD-] formulations.

Storage stability profiles of RBD-J formulated with various
combinations of aluminum salt and CpG adjuvants

Formulations F1-F7 shown in Table 1 were stored at 4°C
for 3 months, 25°C for 2 months, and 37°C for 1 week and
analyzed for ACE2 binding using the competitive ELISA
(Figure 4). The measured concentration (ranging from 90
to 110 mcg/mL) of native RBD-J in each formulation at
time zero (t0) was close to the target concentration of 100
mcg/mL (Figure 4a). The relative percent of native RBD-]J
remaining at subsequent stability time-points at the three
temperatures was determined by normalizing the results
to the t0 value. The average slope values (i.e., percent loss
in native RBD-] per month) along with the corresponding
95% confidence intervals for 4°C and 25°C samples were
calculated by linear regression analysis.

At 4°C (Figure 4a), the AH+CpG formulation lost ~30%
native RBD-]J at a rate of ~10% loss per month, whereas all the
other formulations retained >85% native protein over 3
months. Notable differences in the stability profiles of adju-
vanted RBD-J across various formulations were observed over
2 months of storage at 25°C (Figure 4a). For example, the rate
of loss in 100% AH-bound RBD-] formulation was greater than
the loss in 50% AH-bound RBD-J formulation (32% vs. 22%
loss per month, respectively). The instability of RBD-] acceler-
ated exponentially (with biphasic kinetics) when CpG was
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Figure 4. Stability profile of RBD-J in formulations F1-F7 at 4, 25 and 37°C as measured by competitive ELISA. (a) Stability at 4°C and 25°C up to 90 days and 60 days, respectively.
Concentration of ACE2-binding native RBD-J at each time point was normalized against values at time zero (t0) and then plotted as a function of time. Solid lines at 4°C (black)
and 25°C (red) represent linear regression fit of data points and the corresponding slope values displayed alongside represent percentage loss per month. The red dotted line at
25°C for AH+CpG formulation represents best exponential fit and the indicated slope for percentage loss per week was determined by fitting t0, 7 days, 14 days data points to
linear model. The shaded bands indicate the 95% confidence interval. The measured concentration of RBD-J at t0 in each formulation is displayed at the bottom right as mean +
SD (n =4). (b) Percentage of native RBD-J, relative to t0, remaining in each formulation after 1 day and 7 days at 37°C is presented as mean + SD for n =4 measurements.

present along with AH, with an initial native RBD-] loss rate of
~39% per week at 25°C (determined by linear regression analysis
of the first three data points).

In contrast, AP-containing formulations with <15% AP-
bound RBD-]J were much more stable even in combination
with CpG when stored at 4 and 25°C. The monthly loss rate
of native RBD-] in AP and AP+CpG formulations at 4°C was

4% and 0.1% over 3 months, respectively, and at 25°C was 9%
and ~1% over 2 months, respectively (Figure 4a). Interestingly,
unadjuvanted RBD-] and RBD-J formulated with CpG (no
aluminum salt adjuvant) showed virtually no loss in RBD-]J -
ACE2 binding and maintained a similar stability profile when
stored at either 4°C (0.5% vs. 2% loss per month, respectively)
or 25°C (4% vs. 3% loss per month, respectively).
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Finally, under more aggressive storage conditions (37°C for
up to 1 week) (Figure 4b), the unadjuvanted RBD-] maintained
excellent stability. In contrast, all adjuvanted formulations
resulted in a substantial loss of native RBD-J under these stress
conditions. The observed loss in 100% AH-bound formulation
trended slightly higher than 50% AH-bound formulation with
nearly 50% and 80-90% native RBD-J lost in both formulations
over 24 h and 7 days at 37°C, respectively. The AH+CpG
formulation was the most destabilized with ~80% native
RBD-] protein lost in 24 h and only minimal (10%) native
protein remaining after 7 days at 37°C. Finally, formulations
with AP + CpG, or CpG alone, showed 30-50% loss of native
RBD-]J protein over 7 days at 37°C. Overall, at all three storage
temperatures, the RBD-] formulation containing AH + CpG
demonstrated notably higher losses of native RBD-] over
time, compared to RBD-] formulated with AP + CpG or CpG
alone.

Effect of aluminum salt and CpG adjuvants on the
conformational stability of RBD-J

To better understand differences in the storage stability of
RBD-J in various adjuvanted formulations, the overall con-
formational stability of RBD-J in each freshly prepared
formulation was measured using DSC. Unadjuvanted
RBD-J displayed a single major endothermic peak with
a thermal unfolding temperature (T,) value of 53°C
(Figure 5a). This value was used as a “baseline value” for
comparison to the adjuvanted RBD-] formulations by
determining the corresponding AT, values (Figure 5b).
A similar relative stability profile for RBD-J in the adju-
vanted formulations was determined when comparing the
thermal onset temperature (Tons;) (Figure 5b).

Each adjuvanted RBD-] formulation had a notably differ-
ent conformational stability profile when compared to the
unadjuvanted protein (Figure 5b). For example, the T, value
of RBD-] when partially or completely AH-bound decreased
from 53°C to 45°C and 41°C, respectively. A further major
drop in the T,, value of RBD-] to ~26°C was observed in the
AH+CpG formulation. Interestingly, RBD-]J formulations
containing AP, in the absence and presence of CpG, demon-
strated intermediate conformational stability profiles with T,,
values of 49°C and 41°C, respectively. Finally, the CpG-
containing formulation with no aluminum salt resulted in
a T, value of RBD-]J of 40°C. A similar rank ordering of the
stability profile was observed for RBD-] in different formula-
tions when comparing the thermal onset temperature (Topset)
values. The relative AT, and AT, values for RBD-]J in the
presence of different adjuvants, compared to the unadju-
vanted control, are displayed in Figure 5b. Overall, the
largest destabilization of RBD-] was observed in the AH
+CpG formulation, while the AP formulation (where RBD-
J was essentially all unbound and no CpG was present) was
the most stable.

To further estimate the degree of RBD-] destabilization in
various adjuvanted formulations as measured by DSC, we also
compared the area under the curve (apparent enthalpy of
unfolding, AH’) of formulated RBD-]J samples vs unadjuvanted
control. Each adjuvanted formulation destabilized RBD-]J to

varying extents, as indicated by negative AAH’ values
(Figure 5c). Using these criteria, the highest destabilization of
RBD-] was observed where RBD-] was completely AH-bound
with and without CpG.

Comparison of in vitro stability profile (ability to bind
ACE2) of RBD-J with in mouse immunogenicity using
stressed AH+CpG-adjuvanted RBD-J

To evaluate the effect of loss of in vitro ACE2-binding activity
of RBD-J formulated with AH+CpG adjuvants on its in vivo
immunogenicity profile, we performed two different mouse
immunization studies. We first tested the adjuvanted RBD-]
samples stored at 4°C or 25°C for 2 months. The 4°C sample
(~80% native RBD-]) was used as a control and compared to
the 25°C sample (~10% native RBD-]). Mice (BALB/c, n=6)
were vaccinated with 5 mcg of each adjuvanted RBD-] samples
on days 0 (prime) and 21 (boost) (Figure 6a). Sera were col-
lected on days 21, 35, and 65 and analyzed for total antibody
titers and SARS-CoV-2 neutralization titers. All the vaccinated
mice in both temperature groups seroconverted by day 21 and
demonstrated a robust anti-RBD-J IgG response that persisted
to day 65 (Figure 6b).

In terms of neutralizing responses (Figure 6¢), 6 of 6 mice
that received 4°C control sample had NTs, values on day 21
and those values increased by day 65. Surprisingly, a similar
neutralizing response was observed in mice immunized with
25°C sample (~10% native RBD-]). In fact, on day 21, NTs,
values for mice treated with 25°C sample trended somewhat
higher (albeit not statistically significant, using two-tailed
Mann-Whitney test) than for those vaccinated with 4°C sam-
ples (Figure 6¢). Moreover, sera collected on day 65 from the
4°C and 25°C sample groups demonstrated comparable neu-
tralizing activity against pseudovirus expressing the spike pro-
tein from SARS-CoV-2 Delta variant and the WT virus (p >
0.05, Wilcoxon matched-pairs signed rank test) (Suppl. Fig.
S3). These results indicate that the loss of in vitro ACE2 bind-
ing activity of AH+CpG-adjuvanted RBD-], observed during
storage at 25°C for 2 months, did not adversely affect the ability
of vaccine antigen to induce SARS-CoV-2 neutralizing
antibodies.

To further investigate the apparent inconsistency between
loss of native RBD-] in vitro and vaccine immunogenicity
in vivo, we performed an additional mouse study with formu-
lated RBD-] samples that had been subjected to various forced
degradation conditions (see Table 2; Study I). RBD-J samples
were adjuvanted with AH+CpG and heated at 37°C for 1 week
(group #2) or 70°C for 1 h (group #3), respectively, resulting in
80-90% loss of ACE2-binding native RBD-], respectively (data
not shown). Another sample was treated with DTT (group #4),
resulting in a reduction of all four disulfide bonds and com-
plete loss of ACE2 binding activity (data not shown).
Unstressed AH+CpG-adjuvanted RBD-] formulation prepared
at 4°C (group #1) was used as control. Similar to the previous
study, mice were subcutaneously immunized at day 0 (prime)
and 21 (boost), and serum was collected on days 21, 35, and 65
(Figure 7a). Native RBD-J content in control, heat-stressed,

and DTT-treated formulations remained unchanged
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between day 0 and day 21 (confirmed by ACE2 competition
ELISA, data not shown). In terms of total antibody responses
(Figure 7b), all immunized mice were seroconverted after
a single dose (anti-RBD-J IgG titer >10%), and strong antibody
responses were observed in the control and forced degraded
formulations after single or two doses.

In contrast, the control and forced degraded RBD-] sample
groups demonstrated differences in pseudovirus neutralization
activities at day 21 (Figure 7c). As expected, the heat-stressed
formulation groups (37°C for 1 week and 70°C for 1 h) had

lower neutralizing antibody levels (~30% and ~20% neutraliza-
tion, respectively), as compared to the 4°C control (~60%
neutralization). No virus-neutralizing activity was detected in
sera from mice that received the DTT-treated sample, even
though those same animals had anti-RBD-J antibody titers
equivalent to (and even greater than) the control. This obser-
vation is consistent with the complete loss of native RBD-J in
this formulation as reflected by the ACE2 competition ELISA.
After the booster dose on day 21, virus-neutralizing activity
improved significantly in mice that were administered the
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determined by Kruskal-Wallis test and post hoc Dunn’s multiple comparisons test (**p < 0.01). lllustration in (a) was created with Biorender.com.

Table 2. Summary of RBD-J formulations prepared to evaluate the correlation of in vitro stability of RBD-J with in vivo mouse immunogenicity. Study | (groups #1-4)
included unstressed and forced degraded (37 or 70°C heat-stressed and DTT-treated) RBD-J formulated with AH and CpG. The stress condition for each formulation is
displayed along with the concentration of antigen and adjuvants. RBD-J (5 mcg) was administered to mice subcutaneously (50 pl). Study Il (groups #5-6) included
varying doses (5, 1, 0.5 mcg) of unstressed RBD-J adjuvanted with AH+CpG and administered as noted above. Note that the doses of AH and CpG in each group in study
I'and Il were same (75 mcg and 30 mcg, respectively).

Dose injected in mice (mcg)

Concentration (mcg/mL) Injection volume = 50 pL

Study arm Group No. Condition Total RBD-J Aluminum adjuvant CpG Total RBD-J Aluminum adjuvant CpG No. of mice
| 1 Unstressed (4°C) 100 1500 600 5 75 30 9

2 37°C for 1 week 100 1500 600 5 75 30 9

3 70°C for 1 h 100 1500 600 5 75 30 5

4 DTT 100 1500 600 5 75 30 5
] 5 Unstressed (4°C) 20 1500 600 1 75 30 9

6 Unstressed (4°C) 10 1500 600 0.5 75 30 9

heat-stressed RBD-] samples (37°C for 1 week and 70°C for 1
h), while neutralizing activity in mice that received DTT-
treated RBD-J remained near or at baseline. In summary, the
endpoint titers for native (4°C) versus structurally altered
RBD-] formulated with AH+CpG (after treatment at 37°C,
70°C or with DTT) were similar after one or two doses, but
the neutralizing antibody response on day 21 correlated with
the loss of ACE2 binding activity in vitro. In addition, the 10-
20% ACE2 binding activity remaining in the structurally
altered heat-treated AH+CpG-adjuvanted RBD-] was sufficient
to elicit a robust neutralizing response after two doses.

To better understand the above results, as part of this same
mouse study, we also investigated the effect of varying the dose
of native RBD-J (within the AH+CpG-adjuvanted formula-
tion) on total antibody responses and pseudovirus neutraliza-
tion activity in mice (see Table 2, Study II). Mice (BALB/c,n =
9) were administered 1 mcg or 0.5 mcg adjuvanted RBD-]
(group #5 and group #6, respectively) and compared to mice
that received 5 mcg RBD-J formulated with the same adjuvants

(group #1, Study I) (Figure 7d,e). Mice in all three groups were
seroconverted to similar anti-RBD-] IgG levels after a single
dose (>10*) and the titers improved further after the second
dose (Figure 7d). There was, however, no evidence of a dose-
dependent reduction in anti-RBD-] antibody titers at any time-
point, suggesting that even the lowest RBD-J dose tested (0.5
mcg) was sufficient to induce maximal antibody response. In
contrast, SARS-CoV-2 pseudovirus neutralization activity in
serum collected on day 21 reflected a clear dose-response
(Figure 7e). For example, the neutralizing activity in the mice
that received 5 mcg RBD-J was significantly higher than in
mice that received 0.5 mcg RBD-J (p <0.01). After the second
dose, however, differences in neutralization activity diminished
and all three groups achieved >80% neutralization at a 1:100
dilution, albeit more variability was seen across the mice given
the lowest dose (0.5 mcg).

In summary, after two doses, a 10-fold decrease in the
RBD-]J dose (5 vs. 0.5 mcg) could still elicit a neutralizing
response in the presence of AH+CpG in this mouse model.
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Figure 7. Effect of forced degradation and dose-ranging of AH+CpG-adjuvanted RBD-J on in vivo mouse immunogenicity. (a) Mice were subcutaneously immunized
atday 0 and 21 and serum was collected on days 21, 35, and 65. (b) anti- RBD-J IgG titer as determined by ELISA and (c) % Neutralization at 1:100 serum dilution on day
21, 35, and 65 for mice immunized with unstressed (4°C) and stressed (37°C, 70°C and DTT-treated) AH+CpG- adjuvanted RBD-J formulations. (d) anti- RBD-J IgG titer
and (e) % Neutralization at 1:100 serum dilution on day 21, 35, and 65 for mice immunized with decreasing doses of RBD-J (5, 1 and 0.5 mcg) formulated with AH+CpG
adjuvants. The dashed lines represent group mean and the errors bars indicate standard deviation. P-values were determined using Kruskal-Wallis test and post hoc
Dunn’s multiple comparisons test (*p < 0.05; **p < 0.01; ****p < 0.0001). lllustration in (a) was created with Biorender.com.
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After one dose, however, the pseudovirus neutralization
response on day 21 showed a dose-response relationship.
Combining the results from study I (stressed RBD-] sam-
ples) and study II (RBD-] dose ranging), pseudovirus neu-
tralization results at day 21 (after one dose) were identified
as the most reliable stability indicator for mouse immuno-
genicity testing of RBD-J formulated with AH+CpG.

Discussion

Recombinant subunit vaccines have the potential to enable
the rapid deployment of low-cost COVID-19 vaccines to
LMICs and improve global vaccine coverage due to (1) ease
of manufacturing and scale-up at low-cost using existing
recombinant protein production technologies, and (2) the
ability to formulate and distribute them under refrigerator
storage conditions.*>** Compared to other vaccine types (i.e.,
live-attenuated vaccines), recombinant protein-based vac-
cines are generally formulated with adjuvants to accentuate
the magnitude and breadth of the immune response.”’ The
widely available, inexpensive, and safe ‘classical’ aluminum
salt adjuvants are being tested (as single adjuvant or in com-
bination with other immunostimulatory molecules like CpG
ODN) in several recombinant protein-based COVID-19 vac-
cine candidates, but several critical attributes of vaccine for-
mulation such as antigen-adjuvant interaction(s), and its
impact on both storage stability and in vivo potency of the
vaccine have not been reported. Previous vaccine formulation
development studies have exemplified the necessity to exam-
ine these attributes carefully for each antigen-adjuvant com-
bination to  optimize  vaccine  stability = and
immunogenicity.”>> The purpose of our work, therefore,
was to evaluate the effect of antigen-adjuvant interactions
on in vivo performance (mouse immunogenicity studies)
and storage stability (using a competitive ELISA to monitor
ACE2 binding in vitro) of a recombinant RBD variant (RBD-
J) formulated with aluminum salt adjuvants with and without
CpG. In addition, we evaluated in vitro-in vivo correlation of
storage stability of adjuvanted RBD-] formulations with their
immunogenicity in mice and performed several different bio-
physical analyses to better understand the nature of the RBD-]J
interaction with these adjuvant combinations.

Effect of antigen-adjuvant interactions on mouse
immunogenicity of RBD-J

We systematically prepared formulations with varying levels of
RBD-] adsorption to AH (50% or 100% bound RBD-J) and AP
(< LOQ =15% bound RBD-J) with or without CpG and exam-
ined their effect on immunogenicity in mice. RBD-J formula-
tions with aluminum salt adjuvant alone (AH or AP) elicited
either greater (in case of AH) or similar (in case of AP) levels of
antigen-specific total antibody response compared to unadju-
vanted RBD-]J, but these formulations generated little to no
neutralizing antibodies. Similar results have been previously
reported with a minimally characterized AH-adjuvanted RBD-
] sample prepared shortly before administration.’® When

comparing 0%, 50%, and 100% aluminum-adsorbed RBD-]J
formulations (i.e., formulated with AP, AH, and AH with
settle-decant concentration procedure, respectively), increas-
ing RBD-J adsorption from unbound to the 50% bound state
showed modest improvements in immunogenicity, while
further adsorption to 100% did not further enhance the RBD-
J immunogenicity. Contrary to our observations, Pollet et al.
have reported strong neutralizing antibody responses in mice
after two injections of their AH-adsorbed RBD vaccine at dose
25 mcg RBD and 100-500 mcg AH.** The differences in the
observed immune responses may be due to a different RBD
variant (see below), considerably higher doses of antigen used
in their study, and/or differences in the aluminum salt adjuvant
dose used. In fact, in another study with a lower dose of the
same RBD-based antigen (7 mcg) formulated with 200 mcg AH
the authors did not observe notable neutralizing antibody
responses.”®

We then examined the effect of a second adjuvant, CpG,
either alone or in combination with aluminum salt adjuvants.
The CpG 1018 adjuvant used in this study is a well-known
activator of TLR9.”” Both RBD-J + CpG formulations pro-
duced low levels of total antigen-specific antibodies (mean
titer: 10* ~ 10%) and undetectable neutralizing antibody titers,
suggesting that CpG alone is not sufficient as an adjuvant.
RBD-] formulated with CpG in combination with aluminum
salt adjuvants (AH or AP), however, evoked a strong antibody
response, especially under conditions where CpG and RBD-]J
were completely bound to AH (mean titer >10°). Interestingly,
there was a clear difference between the unbound and bound
RBD-J (and CpG) formulations in their ability to elicit neu-
tralizing antibodies, and only the bound RBD-J (and CpG)
formulation displayed high pseudovirus neutralization titers
(NTso > 10%). Similar results have been reported previously
with a minimally characterized AH+CpG-adjuvanted RBD-]J
prepared shortly before injection.”® In comparison, optimiza-
tion of antigen-adjuvant interactions has been demonstrated to
improve the immunogenicity of other vaccine candidates tar-
geting various pathogens; in the case of the recombinant pox-
virus protein L1, the inclusion of CpG with AH as well as
binding of the antigen to AH were critical for optimal protec-
tion of mice from vaccinia infection.’*> Likewise, with the
P. falciparum vaccine antigen AMAL, the physical association
of CpG and antigen (by adsorption to AH) produced an opti-
mal immune response.”® Interestingly, it has also been reported
that lack of interaction between protein antigens and alumi-
num salt adjuvants has potentiation effects on immune
responses,”’ thus indicating the need to assess the effects of
such antigen-adjuvant interactions on immune responses for
each protein antigen candidate during vaccine formulation
development.>

In this work, we focused on humoral immune responses to
compare different adjuvanted formulations. Although T-cell
responses were outside the scope of this work, T-cell activation
is also critical for protection against SARS-CoV-2.>® It would
therefore be of interest in future to evaluate cell-mediated
immune responses to these formulations. Furthermore, non-
neutralizing antibodies, through their Fc-dependent effector
functions, can protect against viral infections.””*® Future



work, including mouse challenge studies, could help to eluci-
date the correlation between pseudovirus neutralizing activity
of elicited antibodies in bound vs. unbound RBD-]J (and CpG)
groups and their ability to protect against live SARS-CoV-2
infection.

Effect of antigen-adjuvant interactions on the storage
stability of RBD-J

Next, we evaluated the effect of antigen-adjuvant interactions
on the stability of the same RBD-] vaccine formulations after
storage at 4, 25, and 37°C using ACE2 competition ELISA. The
unadjuvanted in-solution RBD-] antigen demonstrated excel-
lent stability at all three storage temperatures. In contrast,
RBD-]J adjuvanted with aluminum salt adjuvant alone (AH or
AP) displayed a good storage stability profile at 4°C up to 3
months, but a loss in ACE2 binding was observed at higher
temperatures. Our results indicate that RBD-] stability at 25
and 37°C is dependent upon the extent of antigen-adjuvant
interactions and declines with greater adsorption to the alumi-
num adjuvant. For example, at 25 and 37°C up to 2 months and
1 week, respectively, AH formulations (partially or completely
adsorbed RBD-]) were notably more de-stabilized than AP
formulations (minimally adsorbed RBD-J), and the observed
losses were greater in fully adsorbed than partially adsorbed
RBD-]J formulation. Recent publications on RBD-based subu-
nit vaccine candidates have evaluated the stability of antigen in
solution, but not in the presence of adjuvants.“‘61 Nonetheless,
the de-stabilizing effect of adsorption on aluminum salt adju-
vant has been noted for other protein antigens including
diphtheria toxoid as well as the recombinant NRRV subunit
and  Streptococcus  pneumoniae  subunit  vaccine
candidates.*”%>7%° Based on these results, the effects of alumi-
num adjuvant on vaccine storage stability should be carefully
evaluated for each RBD vaccine candidate.

We also assessed the stability of RBD-J formulations with
CpG (alone or in combination with aluminum salt adjuvants).
The addition of CpG by itself did not have any prominent effect
on the stability of antigen in solution, but its presence along
with AH (such that both CpG and RBD-] were completely
adsorbed to AH) resulted in enhanced loss of ACE2 binding
at 4, 25, and 37°C within 2 months, 1 week and 1 day, respec-
tively. In contrast, the destabilizing effect of CpG on RBD-J
minimally bound to AP was not observed at 4 or 25°C and was
only seen at 37°C after 7 days. The rapid destabilization of
RBD-J in the AH+CpG formulation at 25 and 37°C over
a period of weeks is potentially concerning because it may be
an early indicator of instability of RBD-] during real-world
storage conditions including (1) storage at refrigerated tem-
peratures over months and years, or (2) accidental exposure to
elevated temperature conditions during storage at and trans-
portation to remote vaccine administration sites in LMICs. At
the same time, this observation is specific to RBD-]J, and other
RBD antigens of different sequences or lengths may have
different stability profiles. Possible approaches to overcome
this observed de-stabilization of RBD-] formulated with AH
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+CpG could include (1) limiting the shelf-life, (2) optimizing
the solution conditions using excipients to improve antigen
stability, or (3) packaging the antigens and adjuvants in sepa-
rate containers and extemporaneously combining them before
administration. However, this latter approach (i.e., “bedside
mix”) may not be practical for widespread use due to financial
and logistical limitations.

Nature of molecular interactions of RBD-J with aluminum
salt and CpG adjuvants

During RBD-]J binding studies, we observed partial and mini-
mal adsorption of RBD-J to AH and AP, respectively. This
result was surprising for two reasons. First, at the formulation
pH 6.5, the RBD-] antigen has a net positive charge (calculated
pI ~8.7). Therefore, if the nature of antigen binding to alumi-
num adjuvants follows electrostatic charge-charge interac-
tions, the RBD-J antigen should bind AP, which has a net
negative charge in the pH range of 5-7, and not AH, which
has a net positive charge in the pH range of 5-7 (measured zeta
potential values of AP and AH in formulation buffer at pH 6.5
were —18 mV and +22 mV, respectively (data not shown)).
However, this is not what we observed; thus, the binding of
RBD-] to aluminum salt adjuvants cannot be explained by the
commonly observed electrostatic charge-charge interactions.
Second, only partial RBD-J binding (~50%) to AH was
achieved, and we observed that the HMW species in the
RBD-] solution were preferentially bound to AH. We also
tested higher AH concentrations (up to 3000 mcg/mL) and
another source of aluminum hydroxide (Rehydragel-HPA),”*
but no increases beyond 50% RBD-]J adsorption were observed
(data not shown). These results suggest some molecular het-
erogeneity in the RBD-] preparation in terms of ability to bind
aluminum hydroxide-based adjuvants.

Contrary to our observations, a recent study reported >98%
binding of an RBD vaccine candidate (with a similarly calcu-
lated pI ~8.9) to AH in a Tris-based formulation (20 mM Tris,
150 mM NaCl at pH 7.5) at similar antigen-adjuvant
concentrations.*” To investigate if the differences in formula-
tion buffer and pH contributed to the differential binding
behavior of RBD-]J, we performed RBD-]J adsorption in a Tris-
based formulation buffer but did not detect improved binding
to AH (data not shown). It is likely that the structural differ-
ences between RBD-J and the other RBD antigens, the latter
containing an additional beta-hairpin motif arising from
extended C-terminus (331-549), could contribute to increased
binding of this RBD candidate to AH.

Further analysis of RBD-] antigen by de-glycosylation fol-
lowed by mass spectrometry analysis revealed the presence of
glycosylated RBD-]J and glycosylated Pro-RBD-]J (contains inef-
ficiently clipped [Pro] region of the alpha signal peptide) spe-
cies. The presence of these Pro-RBD-J species is not
unexpected, given the known inefficiency of Kex2 and Stel3-
dependent protease cleavage of Pichia pastoris alpha factor “Pre
Pro” secretion peptide.®® Other groups have also noted similar
inefficient cleavage of the signal peptide in recombinant
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proteins expressed in Pichia pastoris.”® Interestingly, the addi-
tional N-terminus amino acid residues arising from Pro-
peptide lower the calculated pI values of RBD-] from 8.7 to
5.3, which likely explains the observed preferential binding of
HMW species (containing negatively charged glycosylated
Pro-RBD-] species) to the positively charged AH adjuvant.
Future adjuvant-binding studies using PNGase-F-treated
RBD-]J resolved into aglycosylated RBD-J and Pro-RBD-]J spe-
cies will shed light on this hypothesis and provide insights as to
the observed partial binding to AH. Furthermore, in support of
the above hypothesis, we have recently observed 100% binding
to AH when an acidic peptide/linker was recombinantly added
to the N- or C-terminus of RBD-J (data not shown).®’

When RBD-] binding studies were performed with alumi-
num salt adjuvants in the presence of CpG, both RBD-J and
CpG adsorbed completely to AH. CpG 1018 has
a phosphorothioate backbone and can bind to AH via electro-
static interaction or ligand-exchange mechanism.®® In terms of
the effect of CpG on antigen-AH binding, Aebig et al. reported
reduced or similar binding of four model antigens upon addi-
tion of CpG.69 To the best of our knowledge, however, ours is
the first report of CpG enhancing the binding of a protein
antigen to AH. In our study, CpG was first added to AH,
followed by the addition of RBD-J; however, other formulation
compounding schemes were also tested (such as adding RBD-]J
to AH before CpG addition or the simultaneous addition of
RBD-J and CpG to AH). Regardless of the mixing order, 100%
adsorption of RBD-J and CpG to AH was observed in all cases
(data not shown).

Furthermore, DSC analysis revealed major de-stabilization of
RBD-J in AH + CpG formulations, suggesting a direct interaction
of RBD-] with CpG. Developing a better understanding of RBD-
J-CpG interaction and the mechanism of adjuvant-induced desta-
bilization of RBD-J will be the focus of our future work. There are
reports on the electrostatic interaction of RBD with polyanions
(e.g., inorganic polyphosphates and glycosaminoglycans, such as
heparin and its derivatives) via RBD’s solvent-exposed ‘poly-
anion binding site’ composed of a continuous stretch of basic
(Arg and Lys) amino acid residues.”””" We hypothesize that
a similar interaction may occur between RBD-J and the negatively
charged CpG, which in turn may trigger protein destabilization.
To this end, mechanistic studies utilizing hydrogen exchange-
mass spectrometry (HX-MS) to elucidate the peptide-level RBD-
J-CpG interaction sites are ongoing.

Assessing storage stability of AH+CpG-adjuvanted
RBD-J by in vitro vs. in assays

We first evaluated in vitro-in vivo correlations for RBD-J adju-
vanted with AH+CpG samples that had been stored at 4 and
25°C for 2 months. Although large stability differences were
observed between the two samples using the ACE2 competition
ELISA, both formulations elicited a strong neutralizing antibody
response. Surprisingly, the notable loss of in vitro ACE2 binding
activity in the 25°C sample did not result in a corresponding loss
of in vivo immunogenicity in the formulation under these con-
ditions. Interestingly, similar observations have been reported
with different vaccines, such as the inactivated poliovirus vaccine

(IPV), where the loss of D-antigen content measured by in vitro
ELISA potency assay did not have any implications on the
immunogenicity of the vaccine in the rat model.”””* In this
particular case, the D-antigen assay is considered a more sensi-
tive method to monitor structural alterations in the IPV antigens
during storage. We, therefore, hypothesize that similar to obser-
vations made with D-antigen in IPV, the ~10% of native RBD-]
remaining in stressed AH+CpG formulation (2 months at 25°C)
was sufficient to elicit a robust neutralizing antibody response in
mice at these antigen doses and in the presence of these two
adjuvants.

To test the above hypothesis, an additional mouse study was
performed with partially or completely structurally altered
RBD-J antigen (by heat-stress and DTT treatment, respec-
tively) in the presence of AH+CpG. The heat-treated samples
contained 10-20% native RBD-J, whereas the DTT-treated
sample displayed complete loss of native protein (due to reduc-
tion of the four disulfide bonds). All RBD-J samples, irrespec-
tive of the nature of stress conditions or the extent of loss of
ACE2 binding as measured in vitro by competitive ELISA,
generated high levels of total anti-RBD-] antibodies in mice.
In contrast, the trends observed in neutralizing responses in
mice after a single dose were able to distinguish 4°C vs. stressed
RBD-] formulations, a result that correlated with their mea-
sured loss of ACE2 binding. However, after two doses, the
differences in neutralizing responses in mice in the 4°C vs.
heat-stressed RBD-] formulations were notably diminished.

Additionally, a dose ranging study was performed with
varying amounts of RBD-J in AH+CpG-adjuvanted formu-
lation. An RBD-] dose-response effect was seen in neutra-
lizing activity after a single dose, but this effect subsided
after two doses. In fact, after two vaccine doses, even a 10-
fold lower dose (0.5 mcg) of the antigen was sufficient to
produce a neutralizing response statistically equal to the
highest dose (5 mcg). Taken together, these results agree
with the above hypothesis that 10-20% native RBD-]
remaining in samples stored at 25°C for 2 months was
sufficient to generate a strong neutralizing antibody
response in our mice model in the presence of AH+CpG
adjuvants, especially after two doses. Moreover, these find-
ings demonstrate that pseudovirus neutralization titer in
mice after one dose at day 21 was the best indicator of
native RBD-J loss in formulated samples, and these results
best correlated with in vitro ACE2 binding results.

Additional work is required to better understand the stability
profile of adjuvanted RBD-J formulations when compared by
in vivo vs. in vitro assays. On the one hand, the in vitro ACE2
binding assay is a sensitive and convenient method to monitor
structural alterations in formulated RBD-]J in adjuvanted formu-
lations during storage, but partial loss of structural integrity does
not necessarily affect in vivo performance. On the other hand,
pseudovirus neutralization assays in mouse immunogenicity
studies can be stability-indicating under certain conditions
(e.g., antigen-adjuvant dose, injection, bleed time-point, etc.),
but they are not as sensitive to partially altered structures within
RBD-]J. In the future, it will be of interest to explore if other
mechanisms may help explain some of these in vitro vs in vivo
results including the possible role of (1) linear neutralization



epitopes within the receptor-binding motif (RBM) which may be
exposed upon structural alterations of RBD-] during stress and
may directly block binding of RBD-J to ACE2,”>’® and (2)
conformational epitopes outside of the ACE2 binding region
that may remain unperturbed in structurally altered RBD-]
protein after storage, and thus could elicit antibodies that may
sterically hinder ACE2-RBD-J interactions and neutralize the
pseudovirus.””
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