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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global crisis, urgently
necessitating the development of safe, efficacious, convenient-to-store, and low-cost vaccine options.
A major challenge is that the receptor-binding domain (RBD)-only vaccine fails to trigger long-lasting
protective immunity if used solely for vaccination. To enhance antigen processing and cross-
presentation in draining lymph nodes (DLNSs), we developed an interferon (IFN)-armed RBD dimerized
by immunoglobulin fragment (I-R-F). I-R-F efficiently directs immunity against RBD to DLN. A low
dose of I-R-F induces not only high titer long-lasting neutralizing antibodies but also comprehensive T
cell responses than RBD, and even provides comprehensive protection in one dose without adjuvant.
This study shows that the I-R-F vaccine provides rapid and complete protection throughout upper and
lower respiratory tracts against high dose SARS-CoV-2 challenge in rhesus macaques. Due to its
potency and safety, this engineered vaccine may become one of the next-generation vaccine candidates
in the global race to defeat COVID-109.
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Introduction
The pandemic of COVID-19 caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2) has swept across the world since its outbreak in late 2019%. Mutant coronaviruses continue to
evolve, some with improved receptor-binding affinity and infectivity. Although various categories of
vaccine candidates against SARS-CoV-2 have been developed, improved vaccines are still urgently
needed for public health and various socio-economic crises. In addition to its long-lasting potency;,
vaccines should be stable in 4-25°C storage, easy to produce, low-cost, and safe for all ages to be
practical for the hardest hit, densely populated, and under-resourced countries around the world.

The leading vaccine candidates are mRNA-based, inactivated, or adenovirus-based vaccines

(https://vac-Ishtm.shinyapps.io/ncov_vaccine_landscape/). Inactivated vaccines can be made by

traditional methods. Antibodies induced by such inactivated vaccines target all viral proteins, mostly
not related to neutralization. Natural monomeric S protein or RBD vyields low titers of neutralizing
antibodies due to the poor immunogenicity 2. Some studies showed that modified S or RBD such as
S-trimer and RBD-dimer had been developed to generate higher neutralizing antibodies than
monomeric proteins> ®. Also, RBD fused with the Fc domain showed potential immune effects better
than RBD™®. Alum adjuvant is commonly used in these viral-antigen vaccines to induce stronger
humoral immunity preferentially, but not to be favorable to the T cell responses, especially the type 1 T
helper (Th1) cell and cytotoxic T lymphocyte responses (CTLs)**. Although novel adjuvants may be
more potent, they are challenging to prepare and increase the risk of severe side effects with limited
usage® 1% 11, Recombinant vaccines based on adenovirus (AdV) vectors, such as Ad5-nCoV, stimulated
both B-cell and T-cell responses. However, the ubiquitously pre-existing anti-vector immunity may
wreck immune responses resulting in low neutralization antibody titers in trials and invalid immune
boost after repeated vaccination!?14, The mRNA-based vaccines are the current leading vaccines due to
rapid manufacturability after new outbreaks and induce moderate to strong antibody responses and T
cell responses. However, it remains to be determined if the reactogenicity of certain mRNA vaccines
varies by age and race. Strict conditions for preservation and transportation of mMRNA vaccines further
limit its broader applicability, especially in developing countries>28,

To increase the immunogenicity of RBD, we have developed a next-generation fusion-protein
vaccine, named I-R-F: RBD is armed with an interferon-a. (IFNa) at the N-terminus and dimerized by
human IgG1 Fc at the C-terminus to target and alert dendritic cells in lymph nodes (LNs). Armed with
IFN and dimerized by Fc, which enhances antigen processing and presentation, low dose I-R-F showed
more potent immunogenicity than monomeric RBD, inducing robust antibody titers of balanced IgG1
and 1gG2a subtypes and robust CD8* T cell response, even without additional adjuvant. We further
added a pan HLA-DR-binding epitope (PADRE) on I-R-F (named I-P-R-F) to enhance T cell help®. I-
P-R-F, intramuscularly injected in the lateral thigh, efficiently provides complete protection in both

upper and lower respiratory tracts against a high titer SARS-CoV-2 challenge in rhesus macaques.
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Therefore, the IFN-armed RBD-dimer fusion proteins can be the potent COVID-19 vaccine candidates.
This strategy could also be expanded to various infectious diseases, serving as a promising technology

platform for vaccine development.
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92  Results
93 I-R-F initiates highly efficient antigen presentation and shapes a favorable antibody generation

94  environment

95 RBD of the SARS-CoV-2 is the primary viral protein domain to initiate cell entry and the major target

96  for neutralization antibodies. Similar to a previous study®, we found that RBD presented weak

97  immunogenicity and only induced very low titers of anti-RBD antibody even with alum adjuvant. The

98  poor immunogenicity of RBD could be attributed to its small molecular size for antigen presentation by

99  APCs, lacking epitopes for T cell help, and instability in vivo. It is known that organized lymphoid
100  nodes are essential sites for better antigen presentation and interaction among DC and various lymphoid
101 cells?® 2, RBD may be too small to enter lymph vessels effectively before diffusing to the surrounding
102  muscular tissues. We, therefore, constructed an RBD-Fc fusion protein, a dimerized RBD via Fc of
103  human Ig, which can increase protein stability and size for effective LN-targeting and FcR* DC capture.
104 To further increase antigen processing and presentation by DC, we armed RBD with type | IFN by
105  fusing mouse IFNa at the N-terminus of the RBD-Fc to form a natural dimer, named I-R-F (Figure. 1a).
106  I-R-F was well expressed in 293F cells and easily purified from the supernatant with Protein-A
107  Sepharose column as previously described??. After a one-step Protein-A column purification, a single
108  peak of intact I-R-F fusion protein was obtained using size exclusion chromatography. Additional SDS-
109  PAGE also confirmed the right size of the purified fusion protein (Fig. 1b). Real-time binding kinetics
110  showed a high binding affinity of I-R-F to hACE2 (Kp=10.8 nM, determined by the BIAcore T100
111 system), suggesting that RBD in the I-R-F fusion protein was efficiently exposed (Fig. 1c). To further
112 evaluate the antigen epitope exposure of RBD in I-R-F fusion protein, we used three RBD-specific MAbs
113  (BD-368-2, BD-604, and BD-623) to detect the epitopes corresponding to the antibodies. BD-368-2 BD-604
114  and BD-623 were all isolated from SARS-CoV-2 convalescent patients and specific recognition of SARS-
115 CoV-2 RBD. BD-368-2 recognizes the epitope in the far concern of RBD regardless of the spatial
116  conformations® '*. BD-604 belongs to the class 1 Nabs with a similar RBD-binding pose, which binds to
117  epitopes overlapping with the RBD-ACE2 binding interface and binds only to up RBDs, not the down RBDs?
118 %, BD-623 is Class 2 Nabs with a long CDRH3, which recognize the epitopes overlap with the ACE2-
119  binding site and can bind to the up and down RBDs?? 24, The result showed all three MAbs bound to the I-
120  R-F with high affinity, indicating the sufficient exposure of RBD epitopes on the I-R-F vaccine molecule
121 (fig 1d). The IFN bioactivity of I-R-F was examined by an anti-viral infection assay. I-R-F could inhibit
122 VSV-GFP infection in L929 cells in a dose-dependent manner (Fig. 1e). The function of the Fc domain
123 was determined by RAW264.7 cell binding assays, showing the binding capacity of I-R-F to APCs (Fig.
124 1f).
125  To compare the immunogenicity of RBD and I-R-F, mice were vaccinated with 10 ug I-R-F or
126 equimolar RBD protein formulated with alum adjuvant using a prime-boost vaccination schedule on

127  days 0 and 14, respectively. We observed a much higher RBD-specific IgG response in I-R-F vaccinated
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128  group than in RBD vaccinated group. The immune responses were induced quickly in I-R-F groups,
129  and the viral-specific IgG could be detected as early as 7 days after immunization. In contrast, the sera
130  collected from RBD groups presented a much weaker and more delayed antibody response (Fig. 1g).
131  The long-lasting and strong antibody response has remained more than 6 months (Fig. 1h). Moreover,
132 the equivalent molar of I-R-F induced stronger humoral immunity than RBD-Dimer and RBD-Fc
133 (Extended Data Fig. 1a and b). IFN a has been widely used in clinical treatment, and it can also be
134  used as an adjuvant for vaccines °. To determine whether the use of IFN a  as an adjuvant instead of I-
135  R-Fcould also induce a robust immune response, a mixture of RBD-Fc plus IFN a  was compared with
136 I-R-F. As shown in extended Data Fig. 1a, better humoral immunity was induced in the mixture group
137  than alone R-F, yet not equal the I-R-F. Then, mice were immunized twice either intramuscularly or
138  subcutaneously with 10 ug of alum-adjuvanted I-R-F. We found that both intramuscular and
139  subcutaneous immunizations generated strong and long-lasting IgG responses (Extended Data Fig. 1c).
140  Notably, the adverse effects of vaccination could not be ignored. There were no obvious body weight
141  changes observed even in mice immunized with an extremely high dose of 100 ug I-R-F (Extended
142 Data Fig. 6a). Moreover, only IL-6 slightly increased among mouse inflammatory cytokines (IL-12,
143 IFN-vy, IL-6, TNF- a , and IL-10) in mice immunized with 50 or 100 pg I-R-F (Extended Data Fig. 6b).
144 Neither ALT nor AST elevated in all groups (Extended Data Fig. 6¢). Further, no IFNa specific antibody
145  was detected in mice immunized with I-R-F (Extended Data Fig. 6d). Therefore, I-R-F overcomes poor
146 immunogenicity of monomeric RBD, further improves the immunogenicity of RBD-Dimer and RBD-
147 Fc, and induces long-lasting neutralizing antibodies without side effects.

148

149  Asingle or low dose of I-R-F induces robust neutralization antibodies even without additional
150 adjuvant

151  To determine the appropriate doses for long-lasting antibody production, mice were intramuscularly
152  immunized with variant doses of alum-adjuvanted I-R-F (from 10 ug to 0.001 ug) twice on days 0 and
153 14, respectively. The level of viral-specific IgG induced by I-R-F was in a dose-dependent manner.
154  Impressively, I-R-F, even at a low dose of 0.01 ug, could generate strong and long-lasting 1gG responses
155  (Fig. 2a). Sera from immunized mice were collected to determine the neutralizing antibody titers with
156  live SARS-CoV-2 by focus-reduction neutralization test (FRNT). I-R-F group presented a much higher
157  titer of neutralizing antibody than the RBD group. Even if mice were immunized with a high dose of
158  RBD (10 nug) twice, they only generated moderate levels of antibody to RBD (Fig. 1g), which failed to
159  block virus infection in vitro (Fig. 2b). These results suggest that some 1gG detected in RBD vaccinated
160  mice was non-neutralizing antibody, and a certain level of antibody binding to RBD does not
161  automatically convert to viral neutralization. The I-R-F vaccinated mice generated higher neutralizing-

162  antibody titers than most convalescent COVID-19 patients, especially those with mild to moderate


https://doi.org/10.1101/2021.05.12.443228

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.12.443228; this version posted May 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

163  symptoms. Some patients with mild symptoms even had no detectable neutralizing antibody (Fig. 2c).
164  To further evaluate I-R-F’s potency, mice were intramuscularly (i.m.) immunized with only one dose
165  of alum-adjuvanted I-R-F (10 ug) or equal molar of RBD. A strong and durable anti-RBD-specific 1gG
166  was detected only in I-R-F vaccinated mice but not in the RBD group (Fig. 2d). We further compared
167  traditional double- or triple-dose immunization with one-dose administration in extend Data Fig. 1d.
168  Impressively, a single dose of I-R-F induced strong and long-lasting 1gG responses, similar to repeated
169  immunization (Extended Data Fig. 1d).

170  To determine if IFNa can enhance the RBD immunogenicity in the absence of adjuvant, the mice were
171 i.m. immunized with 10 ug of I-R-F or equimolar RBD protein without alum. Again, a robust and long-
172 lasting RBD-specific 1gG was detected merely in I-R-F without adjuvant but not in the RBD group (Fig.
173 2e), indicating that IFNa in the fusion protein functions as a natural adjuvant to enhance the vaccine-
174 induced immune responses. Furthermore, mice were i.m. immunized twice (day 0/14) with low dose
175 (0.1 pg) alum-adjuvanted I-R-F or equimolar RBD, respectively. RBD group failed to produce
176  detectable RBD-specific 1gG while the I-R-F group produced high level and long-lasting antibodies to
177  RBD (Fig. 2f). Impressively, we observed that a single dose of I-R-F, even without adjuvant or
178  immunized at the low dose, could also generate high titers of neutralizing antibody, as shown in the
179  pseudovirus neutralization assay (Extended Data Fig. 1e). These results demonstrate that I-R-F could
180  be a potent anti-virus vaccine even under disadvantaged conditions, such as a single injection, with no
181  adjuvant, or containing a trace amount of antigen.

182

183  I-R-F induces SARS-CoV-2 specific B cell, Thl, Th2, and CD8* T cell immune responses

184  Protein antigens with alum-adjuvant often favor Th2-biased antibody responses instead of strong Thl
185  and CD8" T cell responses 2%, which are the crucial anti-viral response arms. To determine the antigen-
186  specific memory B cells, we performed a B-cell ELISPOT assay three months after immunization and
187  observed a significantly higher number of RBD-specific B cells in the I-R-F group than the RBD group,
188  (Fig 3a and 3b, extended Data Fig. 2a and 2b). IgG1 is associated with Th2 responses in mice, and
189  1gG2a commonly indicates Thl responses 2® 2°. To determine which type of immune responses were
190  induced by I-R-F, mice were immunized with 10ug of I-R-F or equimolar RBD in alum, and the
191  different subtypes of 1gG were determined by ELISA. I-R-F induced not only IgG1 (Th2) responses but
192 also IgG2a (Thl), while RBD only raised 1gG1 responses (Fig. 3c). To further confirm the subtype of
193 T cell responses, splenocytes from immunized mice were collected and stimulated with a peptide pool
194  of SARS-CoV-2 RBD. Both CD4" and CD8" T cells and IFN-y and IL-4 secreting cells were determined.
195 I-R-F groups produced strong Thl and Th2 responses while RBD groups only caused weak IL-4
196  responses but not IFN-y responses at all (Fig. 3d and 3e, extended Data Fig. 2¢ and 2d).

197  The proportions of CD4* T cells producing IFN-y, IL-4, and TNFa were determined by intracellular

198  cytokine staining. It is shown that CD4* T cells in I-R-F vaccinated groups produced all three cytokines
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199  while CD4* T cells in RBD vaccinated groups produced none of these cytokines, similarly as that in the
200  unimmunized group (Fig. 3f and extended Data Fig. 2e). To determine if CD8" T cells respond to viral-
201  specific RBD, the intracellular cytokine staining was performed to determine the proportion of IFN-y
202  producing CD8* T cells after stimulation with the RBD peptide pool. Notably, I-R-F induced a much
203  higher number of cytokine-producing CD8+ T cells in vaccinated mice, suggesting that poor
204  immunogenicity of RBD may not result from lacking the proper T and B cell epitopes (Fig. 3g and
205  extended Data Fig. 2f). Therefore, I-R-F can induce potent and comprehensive T- and B- cell responses,
206  addressing the main challenge for protein-based COVID-19 vaccines.

207

208  I-R-F efficiently stimulates Tfh and GC generation via targeting DC in LN

209  We hypothesize that the more robust immune responses induced by I-R-F compared to RBD might be
210  attributed to the fused dimerized Fc, which improves draining to LN. To demonstrate this hypothesis,
211 we labeled RBD and I-R-F protein with fluorescein. After subcutaneous injection at the tail base,
212 Dilateral inguinal LN were isolated at different hours post injection. A significantly increased intensity
213 of fluorescence in the I-R-F group was observed from 6 hours to 24 hours post injection, with the
214  maximum difference shown at 12 hours (P-value < 0.0001) (Figure. 4a and 4b). Fluorescein labeled
215 RBD failed to reach LN effectively, likely due to its smaller molecular size. In consideration of different
216  labeling efficiency across different proteins, which may influence the quantitative analysis of
217  fluorescent molecules, we replaced RBD with eGFP (enhanced green fluorescent protein) to generate
218  IFNa-eGFP-Fc fusion protein (I-E-F). In order to assure consistency with the recommended
219  immunization pathway, we intramuscularly injected equal moles of eGFP and I-E-F in the lateral thigh
220  of mice. We analyzed eGFP* myeloid cells in isolated DLN by flow cytometry. The percentages of eGFP
221  positive dendritic cells (DCs) (Fig. 4c and 4d) and macrophages in I-E-F vaccinated mice were
222 remarkably higher (Extended Data Fig. 3a and extended Data Fig. 3b ) than that in the eGFP alone
223 group. These data suggest that 1-R-F is likely to target LN much more efficiently than RBD. To directly
224 examine the maturation of DCs, likely resulting from IFNa stimulation, the expression of CD80 and
225 CD86 in the I-R-F group was determined by flow cytometry. Compared to RBD, the I-R-F group
226  presented much higher levels of CD80 and CD86 on DCs (Fig. 4e and Extended Data Fig. 3c).

227  Effective generation of T follicular helper cells (Tfth) could result from better antigen presentation to
228 CD4* T cells. Tfh in lymphatics tissues are essential for forming germinal centers (GC) and
229  differentiation of B cells 3L, We also found the increased percentage and number of total GC B cells
230  (Fig. 4f and extended Data Fig. 3d) and RBD-specific GC B (Fig. 49 and extended Data Fig. 3d) cells
231  inthe I-R-F group than in the RBD group (P <0.001). Also, a higher percentage and more Tth cells were
232  detected in inguinal LNs. Characterization of antigen-specific Tfh cells is essential to define the
233  mechanistic basis of antibody responses. Further, an assay of activation-induced markers (AIM) was

234 performed, showing that more RBD-specific Tfh cells were induced in I-R-F than the RBD group (Fig.
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235  4j and extended Data Fig. 3f). Together, these data suggest that I-R-F can target and activate DC in LN
236  more efficiently than RBD, leading to stronger Tth and GC reactions.
237

238  The pan DR epitope (Pan) further enhances the immunogenicity of I-R-F vaccine

239  To avoid the potential limitation and competition with RBD immunogenicity from dominant epitopes
240  outside RBD in the S glycoprotein, we selected RBD-dimer as the only viral antigen. However, RBD,
241 asmaller polypeptide portion of S protein, might contain a limited number of helper T cell epitopes to
242 B cellsand CTL in a broader population. The pan DR-binding epitope (PADRE) is known to provide
243 broad T cell help via binding to common human HLA-DR types and mouse 1A 3233, To reduce the risk
244 of limited helper epitope for some HLA-DR, we inserted PADRE into I-R-F and constructed the I-P-R-
245  Fvaccine to augment T cell responses (the schematic model in Extended Data Fig. 4a). A clear peak of
246  intact 1-P-R-F fusion protein was visualized using size exclusion chromatography after a one-step
247  protein-A column purification (Extended Data Fig. 4b). Additional SDS-PAGE also confirmed the
248  purity of this fusion protein (Extended Data Fig. 4b). Real-time binding kinetics showed the high-
249  affinity binding of I-R-F to hACEZ2, determined by the BIAcore T100 system (Extended Data Fig. 4c).
250  The bioactivity of IFNa in I-P-R-F is as high as the free IFNa molecule measured by an anti-viral
251  infection biological assay (Extended Data Fig. 4d). The mice were vaccinated i.m. with a low dose of
252 the indicated vaccines (0.1 pg). We observed an over 10-fold increase of antibody level in mice
253  immunized with I-P-R-F than I-R-F (Fig. 5a). The neutralization activity in the anti-sera from
254  vaccinated mice was also evaluated using a pseudovirus neutralization assay. Consistently, mouse I-P-
255  R-F resulted in up to 10-fold higher levels of neutralizing antibody at a notably low dose (Fig. 5b). We
256  also generated a human I-R-F and a human 1-P-R-F with a site-mutation (Q124R) on IFN a featuring
257  an increased binding affinity of human IFN a to mouse IFN a receptor and thus allow this human
258  IFN to be functional in the mouse model 3. Higher antibody titers in immunized mouse sera were
259  induced by human IFNa-RBD-Fc than RBD-Fc, confirming the potency of human IFN in the mouse
260  model. Furthermore, human IFNa-Pan-RBD-Fc triggered a much higher antibody response to RBD
261  than human IFNa-RBD-Fc, which confirmed the role of Pan in enhancing the immunogenicity of poor

262  antigen (Fig. 5¢).
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263  I-P-R-F vaccination induces complete protection against high dose SARS-CoV-2 challenge in

264  rhesus macaques

265  Rhesus macaque is a commonly used model for SARS-CoV-2 virology, pathology, immunology studies
266  and screening anti-virus vaccines and medicines. To investigate the immunogenicity of this newly
267  designed vaccine in rhesus macaques, eight macaques into four groups with a male and a female in each
268  group and i.m. immunized twice on day 0 and day 14, with either 10 pg or 50 ug V0-1  Chuman I-P-
269  R-F) , mixed with or without alum-adjuvant. Impressively, all vaccinated groups generated very high
270 levels of RBD-specific IgG antibodies, even with low-dose vaccination. High titer of antibody could be
271  induced in macaques even by vaccine without adjuvant no matter high or low vaccine doses (Extended
272  Data Fig. 5a and 5b). Importantly, the high titer anti-virus IgG has been maintained for 250 days so far.
273  The sera from vaccinated animals were subjected to neutralization assays with pseudovirus and
274 authentic SARS-CoV-2 (Extended Data Fig. 5¢ and 5d). The high viral neutralization titers (NTs,>1000
275 and FRNTs0>3000, respectively) indicate that this newly designed vaccine could induce strong and
276  long-lasting protective immunity.

277 To further study if the vaccine has a protective effect, eighteen rhesus macaques were divided into
278  three groups (6 per group) and vaccinated twice (day 0/14) with 10 pg or 50 pg alum-adjuvanted VVO-1,
279  or alum alone as a control, respectively. All immunization was done via the i.m. injection in the lateral
280  thigh. Macaques were challenged with a high dose of SARS-CoV-2 (1x107 TCIDso) intranasally 21 days
281  after the initial immunization. We observed very high titers of antibody against RBD in both low- and
282  high-dose vaccinated groups as determined by ELISA (Fig. 6a). It is noteworthy that high titers of
283  neutralizing antibody were presented in both low- and high-dose vaccinated groups as determined by
284  pseudovirus and live virus neutralization assays (Fig. 6b and Extended Data Fig. 5e). Although disease
285  symptoms for SARS-CoV2 infection are rather mild in Rhesus macaques, when monkeys were infected
286  with a high dose of viruses, body temperature was higher in the control group (Fig. 6c), as measured
287  every two days after virus challenge. Similarly, lower body weight was observed in the control group
288  Dbut not observed in the immunized group at all (Fig. 6d).

289 Virus clearance in the upper respiratory tract in rhesus macaques has rarely been reported during
290  the first seven days of infection, even after potent vaccination. However, our vaccine resulted in a
291  significant reduction of viral loads in the nasal passages of macaques in the low dose-vaccine group and
292  even undetectable viral load in the high dose-vaccine group only one day after high titer virus infection,
293  as determined by sensitive qPCR (Fig. 6e). Similarly, viral loads in tracheal brushes were also
294  undetected in both the low- and high-dose vaccinated groups one day after virus infection (Fig. 6f).
295  Viral loads in anal swabs of rhesus macaques were undetectable one day after infection in both the low-
296  and high-dose vaccinated groups (Extended Data Fig. 5f). For each group of vaccinated macaques, 84

297  specimens from lung lobes (14 samples/7 lobes/mice) were collected on day 7 post infection and
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298  subjected to determine the viral loads in all areas of lung lobes by g-PCR. Over an average of 4 log
299  reduction of virus load was observed in the lungs of both low- and high-dose of vaccinated groups,
300 while extremely high viral loads were maintained in the lungs of control macaques (Fig. 6g and
301  Extended Data Fig. 59). These data demonstrate that VVO-1 can generate highly effective protection
302 against SARS-CoV-2 infection in both upper and lower respiratory tracts even with low-dose
303  vaccination.

304 A Randomized, double-blind, placebo-controlled phase I clinical trial was initiated on Feb 24, 2021
305 to evaluate the safety and immunogenicity of recombinant SARS-Cov-2 fusion protein vaccine (V-01)
306 in healthy subjects (Phase I: ChiCTC2100045108; phase II: ChiCTR2100045107). The study was a
307  single-center clinical trial, in which healthy subjects aged 18 and above were divided into 120 for
308 treatment while 30 for placebo) were given two doses of recombinant SARS-CoV-2 fusion protein
309  vaccine (V-01) or placebo on days 0 and 21, respectively. All the AEs reported in each group within
310  seven days after dosing of 10, 25, and 50 ug. The first-dose vaccination, safety follow-up on day 7
311  andafollow-up in all adult subjects were completed. All AEs of grade 1 (23.33%) were observed within
312  seven days after dosing, and all the remaining AEs were of grade 2 (3.33%). There were no AES or
313  SAEsof grade =3 that were related to the investigational vaccine.  All adults from 18-60 had positive
314  for antibody to RBD. The observation is still ongoing.

315

316

317
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318  Discussion

319 Multiple types of SARS-CoV-2 vaccines have been developed and entered into clinical trials in an
320  endless stream. Immunological effects and safety of these vaccines have been reported 16 174244 An
321  ideal vaccine should have the following properties: 1) efficacy and safety, presented by high titer
322  neutralizing antibodies and T cell responses with no toxicity and antibody-dependent enhancement
323  (ADE); 2) prolonged protective immunity and easy administration; 3) “simplified” large-scale
324  production, storage, and distribution. Here, we designed and evaluated a vaccine platform based on
325  IFN-a armed RBD, a dimerized human 1gG1 Fc (1-R-F) molecule. Evidenced by the results on mice and
326  rhesus macaques, the I-R-F vaccine may provide an effective prophylactic solution for COVID-19. Because
327 1) Potency: Due to its size, IFN-armed RBD dimerized by Fc will primarily target to DLN and increase
328  antigen processing and presentation inside DLN. Therefore, hundreds to thousands fold more
329 neutralizing RBD-specific IgG1 and 1gG2a antibodies were induced by I-R-F than monomer RBD. In
330 addition, Thl, Th2, and CD8* T cell responses could be readily detected after vaccination; 2) Safety:
331  RBD is the only exogenous antigen in the vaccine; thus, all antibodies induced are targeting RBD to
332  Dblock viral entry. I-R-F could be elicit robust and long-lasting immune responses at a low dose (0.01
333 ug) or even without adjuvant. Unlike smaller molecule of free IFN (18.7), much higher molecule weight
334  of I-R-F will allow this molecule to flow into DLN to improve antigen presentation and DC mature.
335  Alumadjuvant used in this vaccine is well known and widely used without severe toxicity. Furthermore,
336  alum-adjuvanted I-R-F allows slow release of I-R-F molecule into DLNSs, resulting in prolonged,
337  effective, and safe immune challenges inside DLNs. On the other hand, there were no detectable
338  autoimmune B or T cell responses to IFN. 3) Durability: The level of neutralizing antibodies induced
339 by I-R-F vaccine was maintained for more than 250 days in the rhesus macaque model; 4) Accessibility:
340  fusion with Fc is easy for large-scale manufacturing and purification. High productive clones (one gram
341 level per liter) for large scale human I-P-R-F (\V-01) production of have been confirmed in GMP grade
342  manufacturing; 5) Portability: this fusion protein is stable at 4-25°C for months, which notably allows
343  for more accessible transport and storage for developing countries.

344 A potential hurdle of ADE induced by antibodies with weak neutralizing activities should be
345  considered in developing the SARS-CoV-2 vaccine *°. COVID-19 patients with higher antibody titers
346  against SARS-CoV-2 may be associated with more severe illness, though the mechanism is still not
347  fully determined “6. Subunit vaccines have been proposed to focus on S or RBD protein inducing the
348 neutralizing antibodies to avoid producing ineffective antibodies and reduce ADE. However,
349  monomeric RBD is a weak immunogenic antigen, and multiple immunizations are needed for acquiring
350  protective immunity . To enhance immunogenicity, either modified S or RBD, such as S-trimer and
351  RBD-dimer proteins, were developed, which help to mimic the native 3D conformation of oligomerized

352 S protein in vivo *#, or forming protein nanoparticles by displaying the RBD % 4%, However, the large-
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353  scale productions of those new adjuvants remain challenged. Additionally, RBD fused with the Fc
354  domain could also be a better choice than simple RBD or S protein”®. With equivalent molar, both I-R-
355  Fand I-P-R-F induced stronger humoral immunity than RBD-Dimer and RBD-Fc. In general, protein
356  vaccines could not have enough protective immunogenicity without additional potent adjuvants. IFN
357  can provide an adjuvant effect with undetectable toxicity while enhancing immunogenicity and antigen
358  presentation.

359 For protein vaccines, Thl or Th2 responses are mainly dependent on types of adjuvants. Notably,
360 enhanced immunopathology was associated with a Th2-biased response % 502, The choice of adjuvant
361 s thus a crucial point to solve the problem. Alum is a universal adjuvant accompanied with protein
362  vaccines leading to high antibody titers, while it always induces Th2-biased response *. Moreover,
363  weak or even no CD8" T cell responses could be elicited by protein-based vaccines. All these drawbacks
364  make protein vaccines undesired for the ideal and effective vaccine candidates. Herein, we designed an
365 I-R-F vaccine with extremely strong immunogenicity even at a minuscule dose or without adjuvant.
366  Mechanistically, multiple factors contribute to such robust immune responses. 1) IFNa is the most
367  potent cytokine for antigen processing and presentation of DC 4. With I-R-F, we have observed more
368  efficient antigen uptake by DCs; 2) IFN-a. could also be used as an adjuvant in improving the generation
369  of Tfh . We found that the I-R-F vaccine induced higher percentages of Tfh and GC B cells, as well
370  as both high RBD-specific IgG1 and 1gG2a titers indicating strong humoral immunity. Moreover, IFN
371  might help Thl and CTL responses even with alum. Indeed, the I-R-F vaccine could transfer the
372  aluminum-induced Th2-biased response to a more robust Th1-Th2 balanced response. 3) Importantly,
373  The Pan epitope further enhances the 1-R-F vaccine-induced robust CD4+ and CD8" T cell responses
374  that contribute to eliminating virus-infected cells; 4) The additional Fc can allow RBD form dimer
375  naturally and make I-R-F to become a much bigger molecule than RBD, to get to DLNSs more efficiently.
376 High doses and long-term use of various formats of type | interferon have been approved for several
377  viral infections, but some patients showed various toxicities®®. No significant body weight loss or
378  abnormal ALT/AST above background was observed after vaccination for preclinical studies. There
379  was no significantly increased cytokines induced by the vaccine at the tested doses. We have not
380  observed any sign or symptom from I-R-F vaccinated host.

381 In the light of significant immunogenicity, complete protection efficiency in both upper and lower
382  respiratory tract, and undetectable toxicity of I1-P-R-F in macaques, this unique protein vaccine can be
383  potentially used in very low dosage and merely single vaccination. Furthermore, this protein vaccine
384  maintains its potency even without adjuvant, which may provide a good chance for intranasal
385  vaccination in all ages, especially young children. Nasal I-R-F vaccine investigations are underway
386  since it could trigger mucosal IgA response to prevent the virus from invading mucosa in nose and
387  upper respiratory tract or infecting others. Armed-IFN that overcomes poor immunogenicity of some

388 antigens can be applied broadly to prevent other infectious diseases during future pandemics. This
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enhanced immunogenicity by new design is not limited to protein vaccine and could also be applied to

other vaccine forms, such as genetic or viral-vector-based vaccines.
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393  Materials and Methods

394  Ethics statement

395  All mice involved in the experiments were approved by the Biomedical Research Ethics Committee
396  of the Institute of Biophysics of the Chinese Academy of Sciences and were performed in compliance
397  with the Guidelines for the Care and Use of Laboratory Animals of the Institute of Biophysics. Non-
398  human primates, Rhesus macaques immunogenicity studies were performed in the animal facility of
399  Guangxi Fangchenggang Biotechnology Development Co., Ltd. (GFBDCL), according to the

400  guidelines of the Committee on Animals of GFBDCL (approval No.: SYXK?2018-0004/200005). Non-
401  human primates, Rhesus macaque, infection studies were performed in the Biosafety Level 3 (BSL-3)
402  in the Kunming National High-Level Biosafety Research Center for Non-Human Primates, Center for
403  Biosafety Mega-Science, KIZ, CAS, according to the guidelines of the Committee on Animals of

404  KlIZ, CAS (approval No.: IACUC20005).

405  Animals

406  Female (6-8-week-old) BALB/c mice and C57BL/6J mice were obtained from Vital River (Beijing) and
407  bred under specific pathogen-free (SPF) conditions in the animal facility of the Institute of Biophysics
408  and the Institute of Microbiology, Chinese Academy of Science. Eight healthy rhesus macaques were
409  used for vaccine immunogenicity analysis. These macaques (4 male, 4 female, between 2.5-4-year old)
410  were purchased from Guangxi Fangchenggang Biotechnology Development Co, Ltd. and housed in a
411  clean-level animal facility of Guangxi Fangchenggang Biotechnology Development Co., Ltd.
412  Additional eighteen healthy rhesus macaques were used for virus infection experiment. These healthy
413  ChRMs (male, n=9; female, n=9: 3-5 years old) were sourced from the Kunming Primate Research
414  Center, Kunming Institute of Zoology (KI1Z), Chinese Academy of Sciences (CAS), and housed in the
415  Kunming National High-Level Biosafety Research Center for Non-Human Primates, Center for
416  Biosafety Mega-Science, KIZ, CAS. All animals recruited in this study are healthy and not involved in
417  other studies.

418 Cell lines, virus, and reagents

419  293F cells (Gibco) were maintained in SMM-TII medium (M293Tll, Sino Biological), incubated in
420  Polycarbonate Erlenmeyer Flask under 135rmp speed in an orbital shaker and cultured in an 8%
421  incubator at 37 °C. Vero E6 cells were obtained from ATCC, and 293-ACE2 was kindly provided by
422  Prof. Zheng Zhang (National Clinical Research Center for Infectious Disease, Shenzhen Third People’s
423  Hospital, Shenzhen, Guangdong, China). Cells were cultured in 5% CO; and maintained in Dulbecco’s
424  modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 100
425  U/ml penicillin, and 100 mg/ml streptomycin.

426  SARS-CoV-2 pseudovirus was produced in house as previously described®. Briefly, human

427  immunodeficiency virus backbones expressing firefly luciferase (pNL43R-E-luciferase) and pcDNA3.1
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428  (Invitrogen) expression vectors encoding the SARS-VoV-2 S protein were co-transfected into 293T cells
429  (ATCC). Viral supernatants were collected 48 h later. Viral titers were measured as luciferase activity
430 in relative light units (Bright-Glo Luciferase Assay Vector System, Promega Biosciences).

431  The SARS-Cov-2 strain (Bata/Shenzhen/SZTH-003/2020, EPI_ISL_406594 at GISAID) was obtained
432  froma nasopharyngeal swab of an infected patient, and the virus was stock propagated in Vero-EG6 cells.
433  The SARS-CoV-2 strain 107 (NMDCO00HUI) was used in rhesus monkey infection. This virus strain
434 was obtained from Guangdong Provincial Center for Disease Control and Prevention, Guangdong
435 Province, China. The virus was stock and amplified in \ero-E6 cells.

436  The ploy-histidine tagged hACEZ2, rabbit anti-SARS-CoV-2 nucleocapsid, and HRP-conjugated goat
437  anti-rabbit 19G (H+L) antibody antibodies were purchased from Sino Biological Inc. (Beijing, China).
438  The peptide pool panning the SARS-CoV-2 RBD consisting of 53 peptides (15-mer) overlapping by 11
439  amino acids were synthesized by China Peptides Co., Ltd (Shanghai, China).

440  Protein expression and purification

441  The COVID 2019 vaccine protein was expressed in 293F cells, as described previously?? *°. The coding
442  sequence for SARS-CoV-2 RBD spanning S protein 319-541 (GenBank: YP_009724390) was codon-
443  optimized for mammalian cells and synthesized by GENEWIZ, China. For I-R-F expression, murine
444 IFNa4 was fused to the N-terminus of RBD with a (G4S). linker. The IFNa-RBD sequence was then
445  cloned into the PEE12.4 (Lonza) with a human IgG1 Fc, forming the IFNa-RBD-Fc (I-P-F) fusion
446  protein. The plasmid was transiently transfected into 293F cells. The supernatant was collected seven
447  days after transfection, and the protein within the supernatant was purified with a Protein A-Sepharose
448  column (GE Healthcare) according to the manufacturer's instruction for primary purification. The eluted
449  protein was further purified using a Superdex 200 Increase 10/300 GL column (GE Healthcare). The
450  purity and size of the protein were analyzed by sulphate-polyacryl-amide gel electrophoresis (SDS-
451  PAGE). R-F, I-E-F, I-P-R-F with a CD4 helper epitope (PADER), I-R-F (human) with a human IFNa2
452 substituting for murine IFNo4, 1-P-R-F (human) were expressed and purified with the same method as
453  described above.

454  SARS-CoV-2 RBD protein (rRBD) was also expressed in 293F cells. In brief, the coding sequence for
455  RBD with a 6 x his tag on C terminus was cloned into the pEE12.4 vector without a human IgG1 Fc.
456  The plasmid was transiently transfected into 293F cells. The supernatant was harvest on day 7, and the
457  protein was purified using Ni-NTA agarose beads (GE Healthcare). The protein was further purified on
458  aSuperdex 200 Increase 10/300 GL size exclusion column (GE Healthcare). SDS-PAGE was performed
459  to determine the purity and size of the protein. The eGFP and dimer-RBD protein were expressed and
460  purified in the same method as rRBD.

461  Surface plasmon resonance (SPR) analysis
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462  Surface plasmon resonance assays were performed by a BIAcore T100 instrument with a CM5 sensor
463  chip (GE Healthcare). Experiments were carried out at 25°C in binding buffer (PBS, 0.05% Tween 20,
464  pH 7.4). The CM5 sensor chip was used to capture about 100 response units (RUs) The RBD of SARS-
465  Cov-2, RBD-Fc, Mouse IFNa-RBD-Fc, Mouse IFNa-Pan-RBD-Fc, Human IFNa-RBD-Fc and Human
466  IFNa-Pan-RBD-Fc for 3 min respectively. A two-fold serial dilution of hACE2 (from 6.25nM to 200nM)
467  were run across the chip surface with a flow rate of 30ul /min, and the real-time response was recorded.

468  The resulting data were analyzed fitting to a 1:1 binding model with Biacore Evaluation Software.

469  The anti-viral activity of IFNa

470  The IFNa bioactivity was determined by the anti-viral infection assay using the L929 fibroblast cell
471  line sensitive to VSV infection. L929 cells was seeded in 24-well plates (4 x 10° per well) and incubated
472 for approximately 16 hours. The serial dilution of I-R-F, I1-P-R-F, were incubated into the medium of
473 L1929 cells and incubated for 24 hours at 37°C with 37% CO,. The cells were infected with 5 MOI of
474 VSV-GFP virus and further cultured for 30 hours on the next day. Cells were collected and fixed by 4%
475  PFA and subjected to analysis on a FACS Fortessa flow cytometer (BD Bioscience). Cells with GFP

476  signal positive were considered as the virus-infected cells.
477  Mouse vaccination

478  The immunogen used to immunize mice was diluted with PBS and mixed with or without a fixed- dose
479  (20ug per mouse) of alum adjuvant (SEVA, Germany). To make alum adsorb the immunogen efficiently,
480  the mixture was kept rolling overnight at 4°C. Female (6-8-week-old) BALB/c or C57BL/6 mice were
481  immunized intramuscularly or subcutaneously with different immunogens in 100uL using insulin
482  syringes. PBS containing alum was used as control. Sera were collected at indicated time points to
483  determine the levels of SARS-CoV-2 RBD specific IgG and neutralization antibody. The detail of

484  mouse vaccination was described in figure legends.

485  Enzyme-Linked Immunosorbent Assay (ELISA)

486  The 96-well plates (Conning, USA) were coated with 100ul SARS-Cov-2 RBD (1.5ug/ml) overnight at
487  4°C. Plates were washed with PBS and blocked with a blocking buffer (PBS containing 5% fetal bovine
488  serum, FBS) on the next day. Immunized animal serum samples were serially diluted and added into
489  the blocked plates, followed by incubation at 37°C for 1 hour. Plates were then washed with PBST (PBS
490  containing 0.05% Tween 20) and incubated with goat anti-mouse IgG-HRP (1:5000, Cwbiotech) or goat
491  anti-monkey IgG-HRP (1:10000, Invitrogen) at 37°C for 30 minutes. To detect the Ig subclasses, goat
492  anti-mouse 1gG1 (1:5000, Proteintech), goat anti-mouse 1gG2a (1:5000, Proteintech) were added. Plates
493  were washed with PBST, and HRP substrate TMB was added. The reactions were stopped by 2M

494  sulfuric acid. The absorbance at 450-630 was read using a microplate reader (Molecular Devices). The
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495  endpoint titers were defined as the reciprocal of max serum dilution at which the absorbance was higher
496  than 2.5-fold of the background.

497  Pseudovirus neutralization assay

498  The pseudovirus neutralization was carried out as described previously. In brief, the pseudovirus was
499  produced by co-transfection of the plasmid expressing firefly luciferase (pNL43R-E-luciferase) and
500 pcDNAZ3.1 expressing the SARS-CoV-2 spike protein into 293T cells. After 48 hours, the viral
501  supernatant was collected, and viral titers were determined by luciferase activity in relative light units.
502  To evaluate the neutralization of vaccinated mice serum, 293-hACE2 cells were seeded into 96-well
503  plates (2x10* per well) and 3-fold serially diluted heat-inactivated serum samples were incubated with
504 100 TCIDsp of pseudovirus for 1 hour at 37°C. Medium mixed with pseudovirus was given as control.
505  The mixture was transferred to the 96-well plates, and the platers were continued to incubate for another
506 24 hours. According to the manufacture’s instruction, the luciferase substrate was added, and luciferase
507  activity was determined by the Bright-Lite™ Luciferase Assay System (Vazyme). The 50%
508 neutralization titer (NTso) was defined as the reciprocal of serum dilution at which the relative light

509 units (RUL) were reduced by 50% compared with virus control wells.

510  Focus-reduction neutralization test (FRNT)

511  Vero-E6 cells were seed into 96-well plates with a density of 2x10* per well. Sera from immunized
512  animals and convalescent COVID-19 patients were serially diluted and mixed with 75 ul of authentic
513  SARS-CoV-2 (8 x 102 focus-forming units (FFU)/ml)). The mixture was incubated for 1 hour at 37°C
514  and then transferred to the 96-well plates seeded with Vero E6 cells. Plates were incubated for 1 hour
515 at 37°C. The inoculums were removed, and the plates were overlaid with medium (100 ul DMEM
516  containing 1.6% carboxymethylcellulose, CMC). The plates were incubated for another 24 hours at
517  37°C. The supernatant was removed, and cells were fixed with 4% Paraformaldehyde for 30 min. Cells
518  were subsequently permeabilized with PBS containing 0.2% Triton X-100. After PBS washing for three
519  times, the cells were incubated with cross-reactive rabbit anti-SARS-CoV-2 nucleocapsid 1gG (Sino
520  Biological) for 1 hour at 37°C. After incubated with the primary antibody, plates were washed three
521  times with PBST before adding the second antibody, HRP-conjugated goat anti-rabbit 1gG (Jackson
522  ImmunoReseach). Cells were further incubated for 1 hour at 37°C. After washing, the KPL TrueBlue
523  peroxidase substrates (Seracare Life Science) were added to the plates. The supernatant was removed,
524  and the plates were washed three times with deionized water five minutes later. The numbers of SARS-
525  CoV-2 foci were read using an ELISPOT reader (Cellular Technology). The FRNTso was defined as the

526  seradilution at which neutralization antibodies inhibited 50% of the viral infection.

527  Authentic SARS-CoV-2 neutralization CPE assay
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528  \ero-E6 cells were harvested and seeded into 96-wells plates with 2x10* cells per well and cultured at
529  37°C overnight. The Serum samples from immunized Rhesus Macaques were inactivated at 56°C for
530 30 minutes and serially diluted with cell culture in 3-fold steps. The diluted serum samples were mixed
531  with a virus suspension containing 100 TCID50 authentic SARS-CoV-2 in an equal volume. After
532 neutralization in a 37°C incubator for 1 hour, the mixtures were transferred to the 96-well plates
533  containing Vero-E6 cells. Inoculated plates were cultured in a CO2 incubator at 37°C for 6 days.
534  Cytopathic effect (CPE) of each well was scored, and the neutralization titer was calculated as the

535  reciprocal of serum dilution at which neutralization antibodies inhibited 50% of viral infection.

536  Enzyme-linked immunospot (ELISPOT) assay

537  Murine IFNy and IL-4 ELISPOT assays were carried out according to the manufacture’s protocols for
538  mouse IFNy and IL-4 ELISPOT kit (BD Bioscience). Immunized mice splenocytes were seeded in the
539  plates with a density of 2 x 10° cells per well and incubated with the peptide pool of 15 mer peptides
540  with 11 overlapping amino acids for SARS-CoV-2 RBD protein (5 pg/mL) in pre-coated 96-well
541  ELISPOT plates with IFNa or IL-4, Concanavalin A (ConA, Sigma) as a positive control or medium as
542  anegative control for 48 hours at 37°C. Then, the cells were removed, and biotinylated IFN-y or I1L-4
543  (BD Bioscience) was added to the plates, followed by incubation for 2 hours at room temperature. The
544  plates were washed three times with PBST before adding Streptavidin-HRP (BD Bioscience). The BD
545  ELISPOT AEC substrate (BD Bioscience) was used to develop the spots. Spots were counted and
546  analyzed using an automated ELOSPOT reader (Cellular Technology). For B cell ELISPOT assay,
547  splenocytes from immunized mice were seeded in the plate coating with 2.5 ug/mL RBD protein. Cells
548  were removed 16 hours post incubation, and biotinylated goat anti-mouse 1gG (BBI life sciences) was
549  added into plates, followed by incubation for 2 hours at room temperature. The plates were washed
550 three times with PBST before adding Streptavidin-HRP (BD Bioscience). The BD ELISPOT AEC
551  substrate (BD Bioscience) was used to develop the spots. Spots were counted and analyzed using an
552  automated ELOSPOT reader (Cellular Technology).

553  Intracellular cytokine staining (ICCS)

554  To evaluate the cytokine expression in antigen-specific T cells, Intracellular cytokine staining (ICCS)
555  assay was performed. Mouse splenocytes were seeded in U-bottom 96-well plates (1x106/well) and
556  stimulated with a peptide pool for SARS-CoV-2 RBD protein as described above. After 12-hour
557  stimulation, Brefeldin A (Biolegend) was added, and the cells were collected, and first stained with anti-
558  CD3 (Biolegend), anti-CD4 (Biolegend), anti-CD8 (Biolegend) and the LIVE/DEADTM dyes before

559  fixed and permeabilized using a fixation/permeabilization kit (BD bioscience). The cells were
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560  subsequently performed with intracellular staining for IFN-y (XMG1.2), IL-2 (JES6-5H4), TNF-a
561  (MP6XT22), IL-4 (11B11). The cells were acquired using a FACS Fortessa flow cytometer (BD
562  Bioscience) and analyzed with Flowjo software (TreeStar).

563  Invivo imaging analysis

564  BALB/c mice were subcutaneously injected with 0.1 umol (cy5.5) of different cy5.5-labeled proteins
565 (RBD, I-R-F) at the tail base. The inguinal LNs were extracted for imaging DLN and were imaged at
566 indicated time points post injection using an in vivo imaging system (IVIS) Spectrum (PerkinElmer).

567  The fluorescence imaging data were analyzed by Living Image software (PerkinElmer).

568  Flow cytometry analysis

569  The DLNs were excised and digested into a single-cell suspension. 2x10° cells were blocked with anti-
570 CD16/32 (anti-Fcylll/ll receptor, clone 2.4G2) and stained with specific fluorescence-labeled
571  antibodies. For evaluating antigen-presenting cell maturation in immunized mice, DCs were incubated
572  with anti-CD11c (N418) and anti-MHCII (M5/114.15.2). For phenotypic maturation analysis, anti-
573  CDB80 (16-10A1) and anti-CD86 (GL-1) were used. For T follicular helper cells (Tfh) and germinal
574  center (GC) B analysis, cells in DLN were stained with anti-CD3 (17A2), anti-CD4 (RM4-5), anti-CD8
575  (53-6.7) anti-PD1 (RMP-30), anti-CXCR5 (L138D7), anti-B220 (RA3-6B2) For in vivo uptake assay,
576  the cells were labeled with anti-CD11c (N418), anti-MHCII (M5/114.15.2), anti-CD11b (M1/70) and
577  anti-F4/80 (BM8). All the samples were acquired by BD LSRFortessa flow cytometer (BD Bioscience),

578  and the data were analyzed with Flowjo software (TreeStar).

579  Immunogenicity of 1-P-R-F in rhesus macaques

580  To evaluate the immunogenicity of 1-P-R-F in non-human primates, a total of 10 rhesus macaques (5
581 male and 5 female, weighing 3~5 kg) purchased from Guangxi Fangchenggang Biotechnology
582  Development Co., Ltd. were randomly assigned into four groups with one male and one female in each
583  group and intramuscularly immunized with high does(50 pg) or low dose(10 ug) of I-P-R-F with or
584  without alum as adjuvant two times at a 14-day interval. Blood was collected at indicated time points,

585  and the SARS-CoV-2 specific IgG and neutralization antibody titers in serum were determined.

586  SARS-CoV-2 challenge in rhesus macaques

587  Atotal of 18 Rhesus macaques (3-5-year old) were recruited and assigned into three groups. Macaques
588 in group 1 were intramuscularly immunized with PBS formulated with the alum-adjuvant as control.
589  Group 2 and Group 3 were vaccinated with 50 pg (high dose) or 10 ug (low dose) of I-P-R-F. Animals
590 received a two-dose immunization procedure on day 0 and day 14 after the initial vaccination. The
591  macaques were intranasally challenged with 10" TCIDso of SARS-CoV-2 seven days after the second

592  immunization. Animal body temperature and body weight were recorded after the virus challenge.
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593  Serum was collected on days 0, 14, 21, and 28 after challenge and subjected to antibody assays. The
594  viral loads in nose swabs, tracheal brushes, and anal swabs were determined by qRT-PCR at indicated
595  time points, and the lung tissues were collected on day 7 post infection and used to determine the viral
596 load.

597  Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR)

598  Viral RNA in swabs, brushes, and lung tissues was determined by quantitative reverse transcription
599  PCR (gqRT-PCR). In brief, total RNA in swabs and brushes were extracted using the QlAamp viral RNA
600  Mini kit (QIAGEN) according to the manufacturer’s instruction. Lung tissues were homogenized, and
601  RNA was extracted with an RNeasy Mini kit (QIAGEN). The viral RNA copies were determined using
602 THUNDERBIRD™ probe one-step gRT-PCR kit (TOYOBO) with the following primers and probes:
603  forward primer 5-GGGGAACTTCTCCTGCTA GAAT-3, reverse primer 5'-
604 CAGACATTTTGCTCTCAAGCTG- 3', and probe FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3".
605 SARS-CoV-2 RNA reference standard (National Institute of metrology, china) was serial diluted and

606  performed to generate the standard curve.

607  Quantification and statistical analysis

608  All statistical analyses were performed using Graphpad Prism 8.0. Data are shown as the mean + SEM.
609  An unpaired student’s two-tailed t-test was used to determine statistical significance for comparison
610  between two groups. One-way ANOVA with Turkey’s multiple comparison test or two-way ANOVA
611  with Turkey’s multiple comparisons test was conducted to compare differences among multiple groups.
612 P values of < 0.05 were considered significant. p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001
613  (****). ns, no significance.

614
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763  Figure Legend

764  Figure 1. IFN-armed I-R-F induces robust IgG response

765 (&) Schematic illustration of the I-R-F fusion protein. The structural elements contain a mouse IFNa4a
766  (IFNa), receptor-binding domain (RBD), immunoglobulin Fc fragment (Fc). (b) Size exclusion
767  chromatography of 1-R-F was performed on a Superdex200 Increase Column. The ultraviolet absorption at
768  280mm is shown. The insert photograph presents the SDS-PAGE of the eluted protein samples. (c) The real-
769  time binding kinetics between I-R-F and hACE2 was determined by the BlAcore T100 system. (d)
770  Evaluation of the binding ability of monoclonal antibodies to I-R-F by ELISA. To determine the known RBD
771  epitopes in I-F-R, ELISA Plate was coated with I-R-F. Then, 2-fold serially diluted monoclonal antibodies
772 were detected. The anti-Presl XY007 monoclonal antibody was given as the control. The absorbance was
773  read at 450-630. (e)The bioactivity of IFNa contained in I-R-F was measured by an anti-viral infection
774  biological assay. (f) Binding of mouse IFNa-RBD-Fc to FcyR on RAW?264.7 cells. Cells were incubated
775  with serial dilutions of WT IgG fusion protein, mutant IgG fusion protein, or WT IgG fusion protein with
776  anti-FcyR, followed by a fluorophore-conjugated anti-human IgG secondary antibody. Flow cytometry
777  measured MFI (n=3). (g) BALB/c mice (n=8/group) were immunized intramuscularly with 10ug of I-R-F
778  orequimolar RBD protein, mixed with alum adjuvant, respectively. Mice were re-immunized with the same
779  dose of vaccine on day 14 post the first shot. PBS containing alum adjuvant was chosen as a negative control.
780  Sera were collected on days 7, 14, 21, 28, 35, and 42 after initial immunization, and the 1gG levels were
781  measured by ELISA. (h) Groups of BALB/c mice (n=7/groups) were intramuscularly immunized twice on
782  day 0 and day 14 with 10ug of alum-adjuvanted I-R-F, or equimolar RBD or alum alone as a control. Serum
783  was collected at indicated time points, and the kinetics of the RBD-specific 1gG antibody titers were
784  determined by ELISA. The dashed line indicates the limit of detection. The data shown are presented as
785  mean = SEM. P-values were determined by one-way ANOVA with multiple comparison tests. ns (not
786  significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

787
788 Figure 2. I-R-F induces robust neutralization antibodies with extreme low-dose, single-dose, and

789  without adjuvant

790  (a) The kinetics of the RBD-specific 1gG antibody response. BALB/c mice (n=7/group) were immunized
791  witha1:10 series dilution of the vaccine, containing 10ug, 1pg, 0.1ug, 0.01ug, 0.001ug of I-R-F, respectively.
792  Sera were collected to assess the levels of RBD-specific 1gG. (b) The serum described in Fig 1e on day 28
793  was used to determine the neutralization activity with live SARS-CoV-2 by FRNT. The sera from different
794  groups were serially diluted and mixed with 600 FFU of SARS-CoV-2, and the mixtures were then
795  transferred to Vero E6 cells. The number of SARS-CoV-2 foci was counted in the next day. The FRNTsp was
796  defined as the reciprocal of serum dilution, which inhibits 50% of viral infection. (c) Comparison of the
797  neutralizing antibody titers in sera between the I-R-F vaccinated mice (n=7) and the convalescent COVID-
798 19 patients with different severity (n=6-13/group). The sera from 3 groups of COVID-19 convalescent
799  patients and the I-P-F immunized mice as mentioned above in Fig 1f were serially diluted and mixed with
800  live SARS-CoV-2. The mixtures were added to Vero E6 cells. The neutralizing titers were presented by
801  FRNTSso, which was the reciprocal of serum dilution neutralizing 50% of viral infection. (d) Mouse RBD-
802  specific IgG induced by single immunization. Mice (n=8/group) were i.m. immunized once with alum-
803  adjuvanted 10ug I-R-F (n=8), equimolar RBD protein, or alum alone, respectively. The levels of RBD-
804 specific IgG in sera on days 7, 14, 21, 28, 35, and 42 after the first immunization were determined by ELISA.
805  (e) Mouse RBD-specific 1gG induced by vaccines without adjuvant. Mice (n=7 or 8) were vaccinated with
806  no adjuvant 10ug I-R-F, equimolar RBD protein, or PBS control and boosted with the same dose 14-day
807  after the initial immunization. Sera were collected every week after immunization and used to determine the
808  IgG titers. (f) BALB/C mice (n=8/group) were immunized i.m. with alum-adjuvanted 0.1ug I-R-F, equimolar
809  RBD protein, or alum alone, respectively, and boosted with the same dose at a 14-day interval. Sera were
810 collected on days 7, 14, 21, 28, 35, and 42 after the initial immunization. RBD-specific IgG levels were
811  analyzed by ELISA. The dashed line indicates the limit of detection. Data are shown as mean + SEM. P-
812  values were calculated by one-way ANOVA with multiple comparisons tests. ns (not significant), *P<0.05,
813  **P<0.01, ***P<0.001, ****P<0.0001.

814

815  Figure 3. I-R-F induces SARS-CoV-2 specific Thl, Th2, and CD8* T cell immune responses
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816  (a and b) C57BL/6 mice were immunized with 10 ug I-R-F, equimolar RBD, or PBS with a prime-boost
817  vaccination regimen in a 14-day interval. Mice were sacrificed six months post the first vaccination, and
818  splenocytes were collected. (a) ELISPOT assay was performed to determine RBD-specific B cells in the
819  spleen. (b) The percentage of memory B cells in the spleen was analyzed. (c) BALB/c mice (n=8/group)
820  were immunized with 10 pg of I-R-F, equimolar RBD, or PBS twice in a 14-day interval. PBS was performed
821  asanegative control. Sera were collected on day 28 after the initial immunization and used to determine the
822  1gG subclasses. (d-g) C57BL/6 mice were immunized with 10 pg I-R-F, equimolar RBD, or PBS with a
823  prime-boost vaccination regimen in a 14-day interval. Mice were sacrificed, and splenocytes were collected
824 28 days post the first vaccination. ELISPOT assay was performed for IFN-y (d) and IL-4 (e) secretion from
825  mice splenocytes stimulated with RBD peptide pool. Splenocytes were incubated with an RBD peptide pool.
826  (f) The percentages of IFN-y*, IL-4*, and TNF-a* CD4*T cells were determined by ICCS. (g) The
827  percentages of IFN-y*, IL-2*, and TNF-o* CD8*T cells were determined by ICCS. The dashed line indicates
828  the limit of detection. Data are presented as mean + SEM. P-Values in (a-e) were calculated by one-way
829  ANOVA with multiple comparisons tests. P-values in (f) and (g) were calculated by two-way ANOVA with
830  multiple comparisons tests. ns (not significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

831

832  Figure 4. I-R-F efficiently stimulates Tfh and GC generation via targeting DC in lymph node

833  (a-b) BALB/c mice (n=4/group) were subcutaneously injected Cy-5.5 labeled I-R-F or RBD at the tail base,
834  and the mice were subjected to monitor the accumulation of labeled proteins in the inguinal lymph node at
835  the indicated time points (a) and the fluorescence intensity of the DLN was quantified using the Living
836  Imaging software (b). (c) C57BL/6 mice (n=7 or 8/group) were intramuscularly injected 1nmole of I-E-F
837  (mouse IFNa-eGFP-Fc) or eGFP. Four hours after injection, mice were sacrificed. Lymphocytes from mouse
838  iLNs were collected to analyze the capture of I-E-F or eGFP. The eGFP* DCs (B220"CD11c"MHC-II*) by
839  flow cytometry. The proportions of eGFP* cells were analyzed. (d) The representive typical FCM figures.
840  (e) C57BL/6 mice (n=5/group) were i.m. immunized with 10 ug of mouse IFNa-RBD-Fc (I-R-F) or
841  equimolar RBD. Mice were sacrificed 24 hours later, DCs from iLNs were collected and analyzed with the
842  maturation markers of CD80 and CD86 by flow cytometry. (f-j) C57BL/6 mice (n=6/group) were i.m.
843  vaccinated with I-R-F or RBD, and inguinal LN were collected 14 days after the initial immunization. (f)
844  The proportion of GC cells (B220*CD3-GL7*CD38*-) was determined. (g) The number of RBD*GL7* B
845  cells per inguinal lymph node was counted. (h) The frequency of Tth (CD3*CD4*PD-1*CXCR5*) was
846  detected in each group. (i) The number of Tfh (CD3*CD4*PD-1*CXCR5*) per inguinal LN was detected in
847  each group. (j) The Frequency of RBD-specific Tth cells post stimulated with RBD peptide pool was
848  measured by the proportion of CD25*0X40* Tth cells. Data are shown as mean + SEM. P-values in (b-d)
849  were analyzed with the unpaired t-test. P-values in (e-f) were calculated by one-way ANOVA with multiple
850  comparisons tests. ns (not significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

851

852  Figure 5. The pan DR epitope (Pan) further enhances the I-R-F immunogenicity.

853  C57BL/6 mice (n=6/group) were vaccinated intramuscularly with 0.1ug of I-R-F or I-P-R-F using a two-
854  dose immunization procedure. Sera were collected on days 7, 14, 21, 28, 35, 42 after the initial

855  immunization. The RBD-specific IgG antibody titer was determined by ELISA. (b) The neutralization

856  activity of vaccinated sera collected on day 28, as shown in (a), was evaluated using a pseudovirus

857  neutralization assay. (¢) BALB/C mice (n=8/group) were immunized i.m. with 1 pg of human IFNa-RBD-
858  Fc (human I-R-F), human IFNa-Pan-RBD-Fc (human I-P-R-F), or equimolar RBD respectively, and

859  boosted with the same dose at a 14-day interval. Sera were collected on days 0, 14, 21, 28, 35, and 42 after
860 initial immunization and analyzed by ELISA. The dashed line indicates the limit of detection. Data are
861  shown as mean + SEM. P-values were calculated by one-way ANOVA with multiple comparisons tests in
862 (@) and (c). P-values in (b) were analyzed with an unpaired t-test. P-values in (d-e) were determined using
863  a paired t-test. ns (not significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

864

865  Figure 6. I-P-R-F vaccination induces complete protection against a high titer SARS-CoV-2 challenge
866  in rhesus macaques
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867  Rhesus macaques (n=6/group) were administered twice with 10pg or 50ug of alum-adjuvanted 1-P-R-F or
868  alum alone as control via the intramuscular injection and challenged with SARS-CoV-2 intranasally on day
869 21 after the initial immunization. Sera were collected on days 0, 14, 21 (before virus infection), and day 28
870  (after infection) and subjected to antibody assays. (a) The SARS-CoV-2 specific 1gG was determined by
871  ELISA. (b) Neutralization antibody titers were analyzed. Body temperature (c) and body weight (d) were
872  measured after the virus challenge. Viral loads in nose swabs (e) and tracheal brushes (f) following the virus
873  challenge were determined by gPCR. (g) Viral load in various lung lobes of macaques challenged with
874  SARS-CoV-2 on day 7 post infection. Dashed line in (a-b, e-g) indicates the limit of detection. Data are
875  shown as mean + SEM. P-values were calculated by one-way ANOVA with multiple comparisons tests. ns
876  (not significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.000Extended Figure Legend

877

878  Extended Data Fig. 1: I-R-F induces more robust neutralization antibodies than RBD

879  (a). BALB/c mice (n=6/group) were i.m vaccinated with 10ug of I-P-F or equimolar of RBD, RBD-dimer,
880  and R-F protein or PBS control with a signal vaccination regimen. The levels of RBD-specific 1gG in

881  serum on day 28 after immunization were determined by ELISA (b) BALB/c Mice (n=6/group) were

882 intramuscularly vaccinated with 1ug of I-R-F or equimolar R-F plus IFNa protein without adjuvant and
883  boosted with the same dose at a 14-day interval. Serum samples were collected on day 14 after the second
884  immunization to evaluate the levels of RBD-specific IgG. (c) BALB/C mice (n=8/group) were immunized
885 intramuscularly or subcutaneously with alum-adjuvanted 10ug of I-R-F and boosted on day 14 after initial
886  immunization with equivalent dose. Serum samples were collected every week to determine the SARS-
887  CoV-2-specific 1gG antibody titers by ELISA. (d) BALB/C mice (n=8/group) were immunized

888 intramuscularly with alum-adjuvanted 10ug of I-R-F by using a single dose (day0), two-dose (day0/14),
889  and three-dose (day0/14/28) immunization procedures, respectively. Sera were collected on days 7, 14, 21,
890 28, 35, and 42 after the initial immunization and analyzed by ELISA to determine the IgG titer. (e) The
891  neutralization antibody titers in serum described in Fig (2d-2f) on day 28 were determined by SARS-CoV-
892 2 pseudovirus neutralization assay. The dashed line indicates the limit of detection. Data are shown as

893  mean = SEM. P-values were calculated by one-way ANOVA with multiple comparisons tests. ns (not

894  significant), *P<0.05, **P<0.01, ***P<(0.001, ****P<0.0001.

895

896

897

898

899  Extended Data Fig. 2: B and T cells immune response related to Figure 3.

900 (a) Gating strategy for evaluating RBD-specific memory B cells in the spleen related to Fig.3c was present.
901  (b-d) The raw data for B cell ELISPOT, IFN-y, and IL-4 ELISPOT related to Fig3.b, d and e respectively
902  were present. The representative flow cytometric gating related to Fig.3f, and Fig.3g was shown in (e) and
903 ().

904  Extended Data Fig. 3: Potent antigen presentation, Tth, and GC generation.

905 (a and b) C57BL/6 mice (n=7 or 8/group) were intramuscularly injected 1nmole of I-E-F (mouse IFNa-
906  eGFP-Fc) or eGFP. Four hours after injection, mice were sacrificed. Lymphocytes from mouse iLNs were
907  collected to analyze the capture of I-E-F or eGFP. FCM analysis was proceeded to determine the percentages
908  of GFP-positive macrophages (B220-CD11b*F4/80*). The results of GFP-positive macrophages (a) and the
909  representative flow cytometric gating (b) were present. The representative flow cytometric gating related to
910  Fig.4eis shown in (c). (d-f) Representative gating strategy for evaluating RBD-specific GC B cells, Tth cells,
911  and OX40*CD25* Tth cells related to Fig.4f-j.

912
913  Extended Data Fig. 4: Design and characterization of the I-P-R-F (mouse), I-R-F (human), and I-P-R-
914  F (human) vaccines

915  (a) The Schematic model of the I-P-R-F fusion protein. The showing structural elements contain a mouse
916  IFNoda (IFNa), (G4S3)s linker (linker), Pan DR epitope (Pan), receptor-binding domain (RBD),
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917  immunoglobulin Fc fragment (Fc). (b) Size exclusion chromatography of mouse I-P-R-F, human I-R-F, and
918  human I-P-R-F was performed on a Superdex200 Increase Column. The ultraviolet absorption at 280mm is
919  shown. The insert pictures show the SDS-PAGE of the eluted samples. (c) Real-time association and
920  dissociation profiles of RBD, RBD-Fc, mouse I-R-F, mouse I-P-R-F, human I-R-F, and human I-P-R-F
921  boundto hACE2. The Kp value was calculated by the software BIA evaluation Version 4.1 (GE Healthcare).
922  (d) The bioactivity of IFNa. contained in mouse 1-P-R-F was measured by an anti-viral infection biological
923  assay.

924  Extended Data Fig. 5: The immunogenicity and protective efficacy of I-P-R-F in rhesus macaques.
925  Male and female rhesus macaques (n=8) were equally divided into four groups with a sex ratio of 1:1 and
926  were immunized i.m. with a high dose (50ug) or a low dose (10ug) of I-P-R-F with or without alum as an
927  adjuvant and boost with the same dose at a 14-day interval. The sera were collected every week are analyses
928  for I-P-R-F immunogenicity and vaccine-induced neutralizing antibodies. (a) RBD-specific 1gG titers in the
929  high-dose group were determined by ELISA at indicated time points. (b) The dynamic IgG titers in sera from
930  the low-dose vaccinated group were determined. (c-d) The kinetics of neutralization antibody titers in serum
931  from I-P-R-F immunized animals were determined by SARS-CoV-2 pseudovirus and authentic virus
932  neutralization assays. (e) Neutralization of SARA-CoV-2 pseudovirus by the anti-sera from I-P-R-F
933  immunized rhesus macaques before the virus challenge. (f) Viral load in anal swabs of rhesus macaques
934  challenged with live SARS-CoV-2. (g) Viral loads in the lungs. For each group of vaccinated macaques, 84
935  specimens from fourteen lung lobes were collected on day 7 post infection and subjected to determine the
936  viral loads in the lungs. High dose/A: immunization with high does with adjuvant, High dose/A-:
937  immunization with high does without adjuvant, Low dose/A: immunization with low does with adjuvant,
938  Low dose/A-: immunization with low does without adjuvant. The dashed line indicates the limit of detection.
939  Data are shown as mean = SEM. P-values in (d) were analyzed with the unpaired t-test. P-values were
940  calculated by one-way ANOVA with multiple comparisons tests in (e). ns (not significant), *P<0.05,
941  **P<0.01, ***P<0.001, ****P<0.0001.

942  Extended Data Fig. 6: IFN-armed I-R-F induces no obvious toxicity.

943  (a-c) Naive female WT BALB/c mice (n = 6) were intramuscularly immunized with RBD or mouse IFNa-
944  RBD-Fc, weighted, and bled. (a) Bodyweight changes were monitored and analyzed. (b) Serum

945  inflammatory cytokines were determined by Cytometric Beads Array (CBA). (c) ALT and AST levels were
946  analyzed by an automatic biochemical analyzer. The dotted lines indicate the upper limit of the normal

947  range of ALT or AST using mean+2xSD of PBS group several hours after injection. (d) Evaluation of the
948  IFNa specific antibody levels by ELISA. BALB/c Mice (n=6/group) were intramuscularly vaccinated with
949  10ug of I-R-F or equimolar RBD protein and boosted with the same dose at a 14-day interval. PBS was
950  performed as a negative control. Sera were collected on day 28 after the initial immunization and subjected
951  to determine the anti-murine IFNa level. The dashed line indicates the limit of detection. Data are shown
952  as mean £ SEM. P-values were calculated by one-way ANOVA with multiple comparisons tests. ns (not
953  significant), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

954


https://doi.org/10.1101/2021.05.12.443228

% inhibition

i & @
o ) - -
L W 100, o O
—" b =Y 245 _
p! : 2 807 180 - g 100 — 200 nM
E - T 804 — 100nM
2 S g 601 P — 50nM
S 100 IS 60+ — 25nM
8 40 - : — 12.5nM
3 = . 2 40 —~ 6.25n0M
4 3 a . o
@ 2 20 JL B 2 2] T
- RBD 0 ¢ . . . o4 0
. 0 10 20 30 40 0 200 400 600 800
Elution volume (ml) Time (s)
2.0 -- XY-007
-=- BD-368-2
S 1.5 - BD-604
@ - BD-623
3 1.01
I
a
O 0.5
OC N B | T T 1
102 10" 10° 10" 102 108
Antibody concentration (pg/ml)
801 - -= Mouse IFNa 3000 = WT I-R-F+FcyR blocking
-+ Mutant |-R-F L]
60+ -~ Mouse |-R-F _
40- < 2000-
201 10004
®
0-
T T T T T 1 O'_I_ T T T T 1
102 101 10° 10! 102 1083 2 1 0 1 2 3 4
Concentration(pM) Protein Concentration(Log nM)
5 I P8BS _
2 59 w5 T+ P N RBD S
8 4 *kkk - I'R'F 8’
- T kg ek ik —
[0] e T T T Fokkok :
= 31 s T F__%
d -
o o
5 2
w w
1
7 14 21 28 35 42 0 14 21 28 35 42 49 56 84126182
Days post immunization Days post immunization

Figure 1


https://doi.org/10.1101/2021.05.12.443228

(*)]
1

7 14 21 28 35 42
Days post immunization
105- | 10°  P=00369
P=0.0023
10% A 10 ee vy
n
2 b 2 | " et
= 103- 4 E 1034 ® !E.' N vy
< o an"
o - A o v
L n 2 [
107 == al T
R 00000000 - B EHEI------cccoseoreneeas P R S RRIIREE
101- 10+ T T AAIAA :
9 Q & @ 4 © qr
Q@ Qg) \'Q~ Qﬁe e& N Q@\
© S 2
< &
e
- 5' e *kkk ~}'c~k_~k~f . 5-
o i T L (@) dokkk  FRR ddokk kokk
- i Fkkk T - - - '_'|r T
§ 4 *kkk '_l"' c_om 4-
= 3 '_'lr put etk
40__'.’ |w|* ..q_,') 3- *kkk T
— T =] —
2 9l = 2 5] T ns
-% 2 ns ns ns T 'ﬂ; 'ﬁl -% 21 ns 1 ns ns ns ns
o (! (| i o m T —/ —/ — 1
T 1lgl-milt--ull--ml -l al ool gl Nl R
c c
I (N N N | o D I O N
O' T T T T T T O' T T T TT T T
7 14 21 28 35 42 7 14 21 28 35 42
Days post immunization Days post immunization
5- Il PBS
91 4_ _ *'ﬂr *kkk RBD
S py CL . T I-R-F
g 3
o - D e
c 1- ... R . gy |G
o N A I
O' T T T T T
7 14 21 28 35 42 .
Days post immunization Flgure 2


https://doi.org/10.1101/2021.05.12.443228

Il PBS
RBD
I-R-F

Fkkk
-

, h L .
mﬁ l % i
.
I T T T “ 1 [ ] o
n < o N «H O
(0TBo0]) 4310 UI0dPUT 4
) [ ]
p
[ ] [ ]
e o [ X X ] o
e o /VM%A
4 o © 9 o o o
Yo} < ™ N ~—
oo lpe SII82 g0 X} / 84S ¥l
[ ) [ ) o
ollbe Q@Q I
2]
c
[ ] [ J QV
M~—m Avax [ ] -
o o S o
™ N — .
s||22 uaag|ds i

o0T XT/S[1I®2 g ,dgy . vvwr
o

LL
llvlTIAll D_n
ﬁ o
X
x
_.TD
oo m
r &5 5 5 5
n o v o w
N N ~— —

o
s||eo x| /S A-
%1199 @ ,8£dD ,AGY Ul OGN 1189 g0} X1 / $O4S ANl

®)

Il PBS
RBD
M |-R-F

(%) slieo L ,8a0
/sI192 L ,8aD aAmsod aujoikd

% i
av&\ m ﬁ ﬁ mr_ BV\
8 i
% wﬁ ol " \&\,«
™ N oo
(%) s119 L ,¥ad
/SII99 L ,¥aD anmsod supjoiko
[V

Figure 3


https://doi.org/10.1101/2021.05.12.443228

- RBD
- |-RF

*kkk

10 15 20 25 30

Time (hour)

5

S
2

3.57

oW
™ o

2.0

)10 O 1 O
—“ oo

(‘'n"e) Aisuajul
90Ud9S3aI0N|) dANRDY

x10%

0

Dendritic Cells (DCs)

Dendritic Cells (DCs)

Mouse IFNa-eGFP-Fc

eGFP

7.1

0.14

dqeqa« <« <

T
o
—

©® © <+ & o
(%) ,d499

(@)

LL
n _.ITI n - D_H
| NE
° - 00
o|
I 1 1 1
o o o o o
o o o o
o0} © < N
9poN ydwAT jeuinbu
urs|ieo L L1o,ddd #
. o
" T_T... S
fre
I 1 I 1 1
[o] < ™ N - (@)
S|I32 g Ul S[I82 211D %
; _
- O
 —
o u i
n % K2
x L 00
i

Figure 4

RBD I-R-F

o

Ea
I
RBD I-R-F

20000+

n
1
I-R-F

+
1
RBD

I I I 1
w o n ©
S I .

0.5+

o

o
sll8d 1 ,¥aDd ul

S|I92 ,540XD,T-Ad %


https://doi.org/10.1101/2021.05.12.443228

Endpoint titer (log10)

Endpoint titer (log10)

54 e D. 51
pws g 2 oo Il RF
4 e N i i I-P-R-F 4
- S
57 g
s =
24 B 8
-
1-' ............................. < 1
0' T T T T T O
7 14 21 28 35
Days post immunization
6-
5_ *k *%k '*_*| . R'F
w M owo o#e e - [l human -R-F
4- *kkk ,L:_‘v human I'P'R'F
3- *% T
2-
1-

7

14
Days post immunization

21 28 35 42

[ = 1
e a._._;
—
& &
& &
N &

Figure 5


https://doi.org/10.1101/2021.05.12.443228

Endpoint titer (log10)

@]

Viral Loads in Nose Swabs

Viral RNA copies/ 1ug RNA

Bady temperature
(from baseline)
o
o

S SR
o & & T

-

—_
o

o
)

o
o

1
—_
o

(log10 copies/mL)

L T I
0

14 21 28
Days post immunization

0 2 4 6
Days post infection

O -2NWPHrOOITO N

1357 1357 1357

Days post infection

3 10° o Control
= ns o Low
S ~ | —

4] .
251 = i% 5 o High
N o oo [0
t_E — 103' 0
>
23 10% ]

\O o . .
g 1017 1
14 21
Days post immunization
S 9 - Control
o -= |ow dose
c = High dose
E 0
<
o
=
=y
()] -5 4
0 5
)
o
@}
m -10
0 2 4 6 8
Days post infection
%]
Q
<
3 6
a5 J Control
T ED [J Low dose
2o 4l 3 High dose
o .Q T 1
© o
F g3
Lo iminl T
i 2 HH H
T L2 1
=
-
o 0
-’>= 1357 1357 1357
Days post infection
Bl Control
B Low dose
B High dose

1-Left upper lung
2-Left middle lung
3-Left low lung

4-Right upper lung
5-Right middle lung
6-Right low lung
7-Right accessory lung

Figure 6


https://doi.org/10.1101/2021.05.12.443228

Endpoint titer (log10)

Endpoint titer (log10)

NT5, (log10)

6-

5 B sc
M im

4-

3-

2-

1-

7 14 21 28 35 42
Days post immunization

f g

R
s
1
2=
i
1
2=
e
2=
i
1
22
s
1

S

<52> <:> 52 <2;E7 <é§> 52

&

One-dose No-adjuvant Low dose

9 ok @
IR EEL

Endpoint titer (log10)

Endpoint titer (log10)

54 Hk
*% I
4_
3_
2_
& & &
& & &
&
N3
6 - Il one-dose
5 ., B two-dose
B three-dose
4
3
2
1
0

7 14 21 28 35 42
Days post immunization

Extended Data Figure 1


https://doi.org/10.1101/2021.05.12.443228

CD38
: C _ :
B cell Elispot IFN-y Elispot IL-4 Elispot
PBS RBD I-R-F PBS RBD I-R-F PBS RBD I-R-F
CD4* T cells f CD8* T cells
PBS RBD I-R-F PBS RBD I-R-F
A A - _ 044
T ;
018 034 . 116
iz >
0.25 ~ 030 1.55
L Loey ) &) e
N "
(I n .
-y > IFN-y >

Extended Data Figure 2


https://doi.org/10.1101/2021.05.12.443228

Macrophages Macrophages
- eGFP Mouse IFNa-eGFP-Fc
N 0.28 8.07
& 101
Jb. A
LL A
2 59 o
A
A A
0l oteroee : S
Q & %)
s < g
& GFP

LIVE/DEAD


https://doi.org/10.1101/2021.05.12.443228

a

Non-reduced
Reduced

Non-reduced kDa
200 Non-reduced 8001 kDa Reduced 250+
3 kDa Reduced 245 245 -
< 150 245 ® 6004 180 - 200- 180
£ 180 140 140
8 140 150
.» = 100+ 400+ 100 100
e} 100s . 75 = 100+ 75 . -
® PADRE § 50- 5. 200' 50
® < . a5 ] a5
B kD 0 T u — 1 0 T T T 1 0 T T T 1
. 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Elution volume (ml) Elution volume (ml) Elution volume (ml)
RBD RBD-Fc Mouse IFNa-RBD-Fc
Kp=7.98 nM Kp=11.5 nM Kp=10.8 nM
~ 80 ~ 80 —~ 100
é 200 nM g — 200 nM g — 200 nM
E w0 100nM X 60 — 100 nM T g0 — 100 nM
@ 50nM @ — 50nM ) — 50nM
5 25nM € — 250 £ g -
2 40 125nM 7 40 — 1250M 3 — ig g’\rﬂm
° .
a 6.250M @ ~ 625nM @ 40 —~— 6.25nM
2 20 S 20 5
Qo
g 3 g 2
14 x i}
0 T T T 1 0 T T T 1 x 0 T T T 1
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s)
Mouse IFNa-Pan-RBD-Fc Human IFNa-RBD-Fc Human IFNa-Pan-RBD-Fc
Kp=11.0 nM Kp=12.3 nM ~ 100 Kp=11.2 nM
—~ 100 o —~ 80 o 0 o .
3 2000 4 ~— 200 3 200 M
80 1000M & o — 100nm & 80 — 100 nM
P 50nM 2 —som £ o o
£ 60 250M S — 250M S 5N
o 125nM g 40 — 125nM g 20 — 125nM
o 40 6.25n0M & ~ 6250M S —~ 6.25nM
o o 2 (o}
2 2 2 0 2 20
O Q o
o 0 ; = = . o 0 0 T T T 1
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s)
100 -~ Human IgG
5 n -# Mouse IFNa
= -®- Mouse IFNa-Pan-RBD-Fc
Z 50
£
R
]
0

102 10! 10° 10! 102 103

Concentration(pM)

Extended Data Figure 4


https://doi.org/10.1101/2021.05.12.443228

61 61
S 5 S 51
(o)) [@2]
S S
< 4 < 4
Z Q
Z -e- High dose/A = =~ Low dase/A
£ 31 £ 31 & Low dose/A
S -=- High dose/A- g8 Ow dose/A-
© e)
c 24 = 21
L L
1- T T T T T T T 1- T T T T T T T
0 14 28 56 84 112 175 231 0 14 28 56 84 112 175 231
Days post immunization Days post immunization
5- H High dose/A
5+ W High dose/A- s ns
1 1
— 4 ns
% o4 —
o) 0
= 34 E 3
=) 0
= 5 -e— High dose/A L,
< = High dose/A-
1' T T T T T
0 14 28 56 84 112 0 14 21 42
Days post immunization Days post immunization

[72]
51 T 5
ns ; - I

44 ns s e ng (J Control
[e) - e Z g % [ Low dose
D 31 % i e 4 T O High dose
= S 831 [
'_g 21 i § S ST T
" T T T

oL, ; . . g 0

0 14 21 28 > 1357 1357 1357
Days post immunization Days post infection

*kkKk

FkKkk

(log10 copies/ug RNA)
T

Mean Viral Loads in lung

I I I
Control  Low High

Extended Data Figure 5


https://doi.org/10.1101/2021.05.12.443228

12 h 24 h
* %
150~ _ 307
—_ - -
é -~ PBS E L. E N
> - |.M. 10 ug + Al © glOO- @ gzo_ .
—h + =c =
g IM.50ug +Al 2 s : T6
5 -+ LM.100ug+Al g8 28
E 1 2} 5 50+ %) g 104
° 8 = 2
() 8 8
= 0- 0-
9
° P O ® P O O
KA S \90 RV O RS
80+ 150+
______________________________ -~ PBS
60— = | .M. 10 ug + Al
S s 1007 -+ M.50ug + Al
= 40 =
= '(7) @ -+ |.M. 100 ug + Al
< < 504
204
O T T T 1 O T T T 1
0 6 12 18 24 0 6 12 18 24
Hours post vaccination Hours post vaccination
1.0
~0.81
o
o™
© 0.6
o
<
\g/OA-
o
Oo.j_-_-_*_*:_
O QL K 92 L K
I
1:100 1:1000

Extended Data Figure 6


https://doi.org/10.1101/2021.05.12.443228

	To avoid the potential limitation and competition with RBD immunogenicity from dominant epitopes outside RBD in the S glycoprotein, we selected RBD-dimer as the only viral antigen. However, RBD, a smaller polypeptide portion of S protein, might contai...
	Ethics statement
	Animals
	Cell lines, virus, and reagents
	Protein expression and purification
	Surface plasmon resonance (SPR) analysis
	The anti-viral activity of IFNα
	Mouse vaccination
	The immunogen used to immunize mice was diluted with PBS and mixed with or without a fixed- dose (20ug per mouse) of alum adjuvant (SEVA, Germany). To make alum adsorb the immunogen efficiently, the mixture was kept rolling overnight at 4℃. Female (6-...
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Pseudovirus neutralization assay
	Focus-reduction neutralization test (FRNT)
	Enzyme-linked immunospot (ELISPOT) assay
	Intracellular cytokine staining (ICCS)
	In vivo imaging analysis
	Flow cytometry analysis
	SARS-CoV-2 challenge in rhesus macaques
	Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Quantification and statistical analysis
	figures.pdf
	To avoid the potential limitation and competition with RBD immunogenicity from dominant epitopes outside RBD in the S glycoprotein, we selected RBD-dimer as the only viral antigen. However, RBD, a smaller polypeptide portion of S protein, might contai...
	Ethics statement
	Animals
	Cell lines, virus, and reagents
	Protein expression and purification
	Surface plasmon resonance (SPR) analysis
	The anti-viral activity of IFNα
	Mouse vaccination
	The immunogen used to immunize mice was diluted with PBS and mixed with or without a fixed- dose (20ug per mouse) of alum adjuvant (SEVA, Germany). To make alum adsorb the immunogen efficiently, the mixture was kept rolling overnight at 4℃. Female (6-...
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Pseudovirus neutralization assay
	Focus-reduction neutralization test (FRNT)
	Enzyme-linked immunospot (ELISPOT) assay
	Intracellular cytokine staining (ICCS)
	In vivo imaging analysis
	Flow cytometry analysis
	SARS-CoV-2 challenge in rhesus macaques
	Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Quantification and statistical analysis


