bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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(which was not certified by peer review) is the author/funder.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.

Summary

Efficacy of a Broadly Neutralizing SARS-CoV-2 Ferritin Nanoparticle Vaccine in Nonhuman Primates

Michael G. Joyce,l’z* Hannah A. D. King,l’z’3 Ines Elakhal Naouar,”* Aslaa Ahmed,” Kristina K. Peachman, **
Camila Macedo Cincotta,z’4 Caroline Subra,z’3 Rita E. Chen,(”7 Paul V. Thomas,l’2 Wei-Hung Chen,l’2 Rajeshwer S.
Sankhala,l’2 Agnes Hajduczki,l’2 Elizabeth J. Martinez,l’2 Caroline E. Peterson,'” William C. Chang,l’2 Misook
Choe,"” Clayton Smith,® Parker J. Lee,"” Jarrett A. Headley,"”” Mekdi G. Taddese,"* Hanne A. Elyard,” Anthony

'3 Kathryn McGuckin-Wuertz,” Ming Dong,"*” Isabella Swafford,"** James B. Case,’

Cook,” Alexander Anderson,
Jeffrey R. Currier,” Kerri G. Lal,'*® Robert J. O’Connell,'” Sebastian Molnar,"*? Manoj S. Nair,"” Vincent
Dussupt,l’z’3 Sharon P. Daye,11 Xiankun Zeng,12 Erica K. Barkei,13 Hilary M. Staples“, Kendra Alfson,14 Ricardo
Carrion," Shelly J. Krebs,'*® Dominic Paquin—Proulx,l’z’3 Nicos Karasavva,™® Victoria R. Polonis,” Linda L.
Jagodzinski,4 Mihret F. Amare,' Sandhya Vasan,'** Paul T. Scott,' Yaoxing Huang,15 David D. Ho," Natalia de
Val,® Michael S. Diamond,*” Mark G. Lewis,” Mangala Rao,” Gary R. Matyas,” Gregory D. Gromowski,” Sheila A.

Peel,4 Nelson L. Michael,11 Diane L. Bolton,l’z’3 and Kayvon Modjarradl>X<

'Emerging Infectious Diseases Branch, Walter Reed Army Institute of Research (WRAIR), Silver Spring MD 20910,
USA. *Henry M. Jackson Foundation for the Advancement of Military Medicine, Bethesda MD 20817, USA. *US
Military HIV Research Program, WRAIR, Silver Spring MD 20910, USA. “Diagnostics and Countermeasures
Branch, WRAIR, Silver Spring MD 20910, USA. *Viral Diseases Branch, WRAIR, Silver Spring MD 20910, USA.
Department of Medicine and 'Pathology & Immunology, Washington University, St. Louis, MO 63130, USA.
$Center for Molecular Microscopy, Center for Cancer Research, National Cancer Institute, National Institutes of
Health, Frederick, MD 21702, USA. °Bioqual, Rockville, MD 20850, USA. '"WRAIR, Silver Spring MD 20910,
USA. "'Center for Infectious Diseases Research, WRAIR, Silver Spring MD 20910, USA. “Division of Pathology,
United States Army Medical Research Institute of Infectious Diseases, Frederick, MD 21702, USA. 13Veterinary
Medicine Branch, WRAIR, Silver Spring MD 20910, USA. '“Department of Virology and Immunology, Texas
Biomedical Research Institute, San Antonio TX 78227, USA. *Aaron Diamond AIDS Research Center, Columbia

University Vagelos College of Physicians and Surgeons, New York, NY, USA.

*Corresponding authors. Email: kayvon.modjarrad.civ@mail.mil; gjoyce@eidresearch.org



https://doi.org/10.1101/2021.03.24.436523

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47
48
49
50
51
52
53
54
55
56

57

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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.

The emergence of novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
stresses the continued need for next-generation vaccines that confer broad protection against
coronavirus disease 2019 (COVID-19). We developed and evaluated an adjuvanted SARS-CoV-2
Spike Ferritin Nanoparticle (SpFN) vaccine in nonhuman primates (NHPs). High-dose (50 ug)
SpFN vaccine, given twice within a 28 day interval, induced a Thl-biased CD4 T cell helper
response and a peak neutralizing antibody geometric mean titer of 52,773 against wild-type virus,
with activity against SARS-CoV-1 and minimal decrement against variants of concern.
Vaccinated animals mounted an anamnestic response upon high-dose SARS-CoV-2 respiratory
challenge that translated into rapid elimination of replicating virus in their upper and lower
airways and lung parenchyma. SpFN’s potent and broad immunogenicity profile and resulting

efficacy in NHPs supports its utility as a candidate platform for SARS-like betacoronaviruses.

One-Sentence Summary: A SARS-CoV-2 Spike protein ferritin nanoparticle vaccine, co-
formulated with a liposomal adjuvant, elicits broad neutralizing antibody responses that exceed
those observed for other major vaccines and rapidly protects against respiratory infection and

disease in the upper and lower airways and lung tissue of nonhuman primates.


https://doi.org/10.1101/2021.03.24.436523

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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.

The coronavirus disease 2019 (Covid-19) pandemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has reached a milestone with the emergency use authorization and
increasing availability of efficacious vaccines (/). Successes in rapid coronavirus vaccine
development, however, have been tempered by the rise of virus variants (2). The accelerating
frequency with which variants are emerging raises the prospect that host selective pressures may
be driving evolution of mutants to escape vaccine-elicited immunity (3). This concern, coupled
with stringent cold-chain requirements for product stability and high unit costs (4, ), justifies the
continued development of cost-effective, thermo-stable vaccines that match current ones in safety
and efficacy, but provide broader coverage against a wide range of circulating variants and
evolving strains, as well as novel species that may arise from zoonotic reservoirs in the future.

Self-assembling protein nanoparticle vaccines offer the advantage of multivalent antigen
presentation, a property previously shown to augment immunogenicity over monovalent
immunogens (6-8). Ferritin is a naturally occurring, ubiquitous, iron-carrying protein that self-
oligomerizes into a 24-unit spherical particle (9). The three-fold axis symmetry of the resulting
polymer makes it conducive to conjugation and antigen display of trimeric glycoproteins, such as
SARS-CoV-2 Spike (S). Ferritin has been evaluated as a vaccine platform for several pathogens
(10-12)—most notably influenza, for which it has demonstrated immune potency and breadth (73,
14). As such, ferritin vaccines have advanced to phase 1 clinical trials as a strategy to target
multiple influenza strains (13, 16).

The prefusion-stabilized form of S is the basis for most major SARS-CoV-2 vaccine
candidates (/7, 18). Although a correlate of protection from Covid-19 has not been conclusively
defined, there is mounting evidence that neutralizing, and some fraction of non-neutralizing,
antibodies against S are necessary, if not sufficient, to confer protective immunity (79, 20). The
most potent neutralizing antibodies are directed against the S receptor-binding domain (RBD),

which mediates attachment to the primary host cell receptor, ACE-2. Prior assessment of a SARS-
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83 CoV-2 S ferritin nanoparticle (SpFN) vaccine candidate—co-formulated with a liposomal
84  adjuvant (2/)—has demonstrated potent immunogenicity and SARS-CoV-2 protection in mouse
85 models (unpublished). These data provide a basis for evaluating SpFN immunogenicity and
86 efficacy against viral replication and pathology in the airways and lungs of nonhuman primates
87  (NHP), a standard model for preclinical evaluation of SARS-CoV-2 vaccines (22).
88
89  Nanoparticle Vaccine and Study Design
90 The Spike Ferritin Nanoparticle (SpFN) vaccine was designed as a ferritin-fusion recombinant
91  protein for expression as a nanoparticle. Briefly, the Spike (S) protein sequence was derived from
92  the Wuhan-Hu-1 genome sequence (GenBank accession number: MN908947.3). The
93 S ectodomain was modified to introduce two proline residues (K986P, V987P) and removal of
94  the furin cleavage site (RRAS to GSAS), as previously described (/7). To stabilize S trimer
95 formation on the ferritin molecule, the heptad repeat between hinge 1 and 2 (residues 1140 —
96 1161) was mutated to stabilize coiled-coil interactions. An adjuvant—Army Liposomal
97  Formulation QS21 (ALFQ)—was mixed with the SpFN vaccine at room temperature within four
98  hours before administration. ALFQ formulation has been described previously (23). Briefly, it
99  comprises dimyristoyl phosphatidylcholine (DMPC), dimyristoyl phosphatidylglycerol (DMPGQG),
100  cholesterol (Chol), and synthetic monophosphoryl lipid A (3D-PHAD®) (Avanti Polar Lipids,
101  Alabaster, AL) and QS-21 (Desert King, San Diego, CA).
102 In this study, 32 male and female specific-pathogen-free, research-naive Chinese-origin
103 rhesus macaques (age 3 - 7 years) were distributed—on the basis of age, weight and sex—into 4
104  cohorts of 8 animals (table S7). Animals were vaccinated intramuscularly with either 50 or 5 pg
105 of SpFN, formulated with ALFQ, or Iml of phosphate buffer solution (PBS) in the
106  anterior proximal quadriceps muscle, on alternating sides with each dose in the series.

107 Immunizations were administered twice—4 weeks apart—or once, 4-weeks prior to challenge
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108  (fig. S1). Animals were challenged with 1x10° TCID50 of SARS-CoV-2 (BEI Resources, NIAID,
109 NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-53780 (Lot# 70038893)
110  administered simultaneously by the intratracheal (1.0 ml) and intranasal (0.5 ml per nostril) route.

111

112  Vaccine Immunogenicity

113  Serum antibody responses

114 We measured longitudinal antibody responses in animals after each vaccination and viral
115  challenge by the Meso Scale Discovery (MSD) electrochemiluminescence platform. Total binding
116  to SARS-CoV-2 prefusion stabilized S protein (S-2P) (/7) increased from baseline to an area
117  under the curve (AUC) of 679,213 and 1,646,288 at 4 weeks after two vaccinations with 5 and 50
118 pg of SpFN, respectively (Fig. 1A). Vaccination with a single 50 pg dose resulted in a 4-week
119  AUC of 621,605. Binding responses were unchanged in vaccinated groups after viral challenge;
120  whereas, unvaccinated controls had a 200-fold rise. Two-doses of Sug or 50 ug SpFN elicited
121 reciprocal 50% inhibitory dilution (ID50) neutralizing antibody geometric mean titers (GMT) of
122 22,405 and 52,773, respectively, 2 weeks after second vaccination, and leveled off at 12,171 and
123 22,527 2 weeks later (Fig. 1B). Single dose 50 pg SpFN elicited a peak GMT of 4063. Authentic
124  virus neutralization activity mirrored group differences seen in the pseudovirus assay, but at
125 somewhat lower values (Fig. 1C).

126 We performed functional assessments of antibody responses by measuring the ability of
127  sera to inhibit binding of RBD to the ACE2 receptor. Binding inhibition in the 5 and 50 pg
128  vaccinated animals exceeded unvaccinated controls by a factor of 224 and 998, respectively (Fig.
129  1D). ACE2 competition in the single 50 pg dose group was 291 times higher than controls. We
130 compared humoral responses to the vaccine against a panel of convalescent plasma samples with

131  same pseudovirus neutralization assay; we found that two doses of either SpFN dose elicited
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132  neutralizing activity that was an order of magnitude higher than that of the convalescent sera
133  (p<0.01) (Fig. 1E).

134 We used orthogonal approaches to assess binding antibody specificities to the Spike S1
135  subunit domains. RBD and S-2P binding, by MSD, recapitulated results of the ACE2 binding
136 inhibition assay (fig. §2). Serum binding to the N-terminal domain (NTD), which may be a
137  marker of additional protection through both neutralizing activity and non-neutralizing functions
138 (24), were 500-fold higher compared to baseline, across vaccine groups (fig. S3). We assessed the
139 strength of RBD binding by biolayer interferometry, finding an increasing antibody on-rate
140  association response throughout follow-up (fig. S4). Given the potential importance of auxiliary
141  antibody functions for protection (25, 26), we assessed a suite of Fc-mediated antibody effector
142  functions, including opsonization, ADCD, ADCP, ADNP and trogocytosis (a measure of antigen
143  transfer) (27). All activity peaked at week 6 and was highest in the two-dose 50 pg SpFN group
144 (fig. S5).

145

146  Cellular immune responses

147  The character of the helper CD4+ T cell (Th) response is important for respiratory virus vaccine
148  development, given the theoretical concern and precedent for vaccine-associated enhanced
149  respiratory disease and its association with a Th2-biased response (28). We focused our
150 assessment of cell-mediated immunity on canonical cytokines expressed by Thl (interferon-
151  gamma (IFN-y), tumor necrosis factor (TNF), interleukin 2 (IL-2)) and Th2 (IL-4, IL-13) CD4 T
152  cells. Robust Thl responses were observed 4 weeks after second vaccination in all vaccinated
153  groups, except one animal in the 50 pg single-dose group (Fig. 2A). Thl responses were
154  polyfunctional and variable but consistently high at week 8, ranging from 0.2% to 17%. Th2 and
155 CD8+ T cell responses were minimal or undetectable (Fig. 2B, fig. S64), though Thl and Th2

156  responses correlated strongly (r=0.72, p<0.0001).
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157 We interrogated key indicators of an engaged memory response such as IL-21, a
158  cytokine, secreted by follicular helper CD4+ T cells (Tth), that regulates the evolution of memory
159 B cells (29). Five of eight animals dosed twice with 50 pg SpFN had IL-21 responses, as did
160 seven of eight animals given 5 pg of vaccine (Fig. 2C). We also examined levels of CD40L: a
161  broad T cell activation marker, expressed on the surfaces of CD4+ T cells and Tth cells, that
162  promotes B cell maturation through antibody isotype switching.(29) All but one animal receiving
163  two-doses of SpFN had detectable CD40L+ responses (Fig. 2D), indicating an engaged memory
164  response.

165

166  Protection against high-dose SARS-CoV-2 respiratory challenge

167  Virologic Efficacy

168 Rhesus macaques generally exhibit mild disease that does not recapitulate the severe pneumonia
169 observed in many people with COVID-19 (22). Protective efficacy, therefore, was assessed
170  virologically and pathologically. The primary virologic endpoint was subgenomic mRNA
171  copies/ml—an indicator of viral replication—in the upper (nasopharyngeal (NP) swabs, saliva)
172  and lower airways (bronchoalveolar lavage (BAL) fluid) of vaccinated compared to control
173  animals. On the second day after simultaneous respiratory challenge, sgmRNA levels in the BAL
174 fluid of control animals peaked at a mean of 10° copies/ml (Fig. 3A). In contrast, none of the eight
175  animals that received two doses of 50 pg SpFN had detectable sgmRNA at day 2. By day 4
176  sgmRNA was undetectable in the BAL fluid of all animals of the 5 pg vaccine group and all but
177  one animal that received single SpFN.

178 Whereas sgmRNA levels reached a mean of 10’ copies/ml in the NP swabs of control
179  animals at day 2 after challenge, they were undetectable in six of eight animals that received two
180 doses of 50 ug SpFN (Fig. 3B). All animals in that group had undetectable virus from day 4

181  onward, while virus persisted in the control animals through day 10. Five of eight controls had
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182  high levels of sgmRNA in saliva on day 2 post-challenge, whereas virus was undetectable in all
183  animals of the two-dose 50 ug SpFN group (Fig. 3C). Total viral load in the BAL fluid, NP swabs
184  and saliva followed trends similar to those for sgmRNA (fig. S7).

185

186  Pathologic Efficacy

187  Unvaccinated control animals developed histopathologic evidence of multifocal, moderate
188 interstitial pneumonia at 7 days after challenge (Fig. 5A). The pneumonia was characterized by
189  type Il pneumocyte hyperplasia, alveolar septal thickening, edema and necrotic debris, pulmonary
190 macrophage infiltration and vasculitis of smaller caliber blood vessels. None of the vaccinated
191  animals, however, had evidence of interstitial pneumonia. Immunohistochemistry revealed viral
192  antigen in alveolar pneumocytes and pulmonary macrophages in at least one lung section of every
193  control animal (Fig. SE). No viral antigen was detected in any vaccinated animals (Fig. SF-H).
194

195  Breadth of Inmune Response

196 We assessed the serum antibody responses elicited by the SpFN vaccine against two
197  predominantly circulating SARS-CoV-2 variants of concern (VOC): B.1.1.7 and B.1.351. Serum
198  binding assessment by biolayer interferometry to the variant forms of SARS-CoV-2 RBD showed
199  no change in binding to B.1.1.7 (N501Y mutation) but a 25% reduction in binding to B.1.351
200 (K417N, E484K, N501Y mutations) in the two-dose 50 pug SpFN group, a decrement that was not
201  statistically significant (fig. S§). We next assessed the serum neutralizing activity elicited by the
202  SpFN vaccine against the two VOCs. Sera from all vaccinated NHPs elicited potent neutralizing
203 activity against both variants in two orthogonal virus neutralization assays. Neutralization
204  capacity of the authentic B.1.1.7 virus variant trended higher than against wild-type WA-1 across
205  all vaccine groups (Fig. SA-C), and was significantly so in the two-dose 50 pg group (p=0.02)

206  (Fig. 5A). Neutralizing activity against the authentic B.1.351 virus variant, however, was
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207  diminished slightly (Fig. 5SA-C), but this difference did not meet statistical significance in the
208  two-dose 50 pg group (Fig. SA) and was only marginally significant in the two-dose 5 pg group
209 (p=0.05) (Fig. 5B). Neutralizing activity against the B.1.1.7 pseudovirus in the orthogonal
210 pseudovirus assay revealed statistically equivalent ID50 GMTs to the WA-1 wild-type
211  pseudovirus (Fig. 5D-F). Reductions in neutralizing activity against the B.1.351 pseudovirus,
212  however, were slightly more pronounced in the pseudovirus as compared to the authentic virus
213  assay. For example, the reciprocal ID50 GMT dropped five-fold in the two-dose 50 pg group but
214 was still high at a value 10,209 (Fig. 5D). The absolute neutralizing antibody titers were generally
215  elevated after two doses of vaccine, irrespective of the virus variant against which they were
216  measured (Fig. 5G).

217 We expanded the assessment of the breadth of SpFN immunogenicity by interrogating the
218 neutralizing and non-neutralizing antibody and cellular immune responses against SARS-CoV-1,
219 Binding of vaccinee sera to SARS-CoV-1 RBD, as measured by biolayer interferometry, was
220 absent in controls but was relatively potent in vaccinated animals—binding at half the strength of
221  that observed to SARS-CoV-2 RBD (fig. S3, S4, Fig. 6A). Antibody-dependent cellular
222  phagocytosis (ADCP) activity also increased remarkably in all vaccine groups, reaching a score
223 that was 100-fold higher two-weeks after last 50 pg SpFN vaccination than baseline or
224  unvaccinated controls (Fig. 6B). Two vaccinations with high-dose SpFN also yielded significant
225 plaque reduction neutralizing activity against authentic SARS-CoV-1 with a reciprocal ID50
226 GMT of 390 (Fig. 6C) that was significantly above background (p=0.007). An orthogonal
227  pseudovirus neutralization assay exhibited significant background activity in PBS controls. We
228 minimized background by analyzing neutralization activity at a 90% inhibitory dilution (ID90)
229  and found that two doses of 50 pg SpFN induced neutralizing activity against SARS-CoV-1 that
230  was 6-fold higher (GMT 667) than controls (Fig. 6D). CD4+ T cell responses to SARS-CoV-1 S

231  peptides, though lower in absolute percentage than to SARS-CoV-2, were still robust and strongly
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232  Thl-biased (Fig. 6E,F). The CD8+ T cell response, in contrast, was minimal (fig. S9A-C). In
233  aggregate, the immunogenicity profile of SpFN to SARS-CoV-1, though lower in magnitude,
234  recapitulated the quality of response observed to SARS-CoV-2.

235

236  Discussion

237  The recent success in the rapid development of safe and efficacious SARS-CoV-2 vaccines has
238  been tempered by the emergence of virus variants to which vaccine-induced immunity has shown
239 diminished potency or efficacy (30-34). There remains a need, therefore, for next-generation
240  vaccines that target the broadening antigenic diversity of SARS-CoV-2 and related coronaviruses.
241  The major vaccines that have progressed to human efficacy trials all present SARS-CoV-2 S
242 based on the genetic sequence of the Wuhan-Hu-1 isolate. All of these vaccines have
243 demonstrated protective efficacy in NHPs against respiratory challenge with the closely matched
244  USA-WA1/2020 (25, 35-39). These earlier animal studies, however, did not evaluate the
245  neutralization capacity of serum against other coronavirus species. In our study of an adjuvanted
246  SpFN vaccine, we recapitulate or surpass the protective efficacy against SARS-CoV-2 infection
247  seen in other studies, but with a greater reduction in replicating virus against a more potent
248 challenge than has been used previously. Additionally, we demonstrate that SpFN elicited
249  antibodies neutralize SARS-CoV-2 ten times more potently than most vaccines and that
250 neutralizing activity is either higher or equivalent against two major VOCs (B.1.1.7, B.1.351) in
251 an authentic virus neutralization assay and equivalent or mildly diminished in a pseudovirus
252  neutralization assay. Finally, SpFN demonstrates neutralization capacity of SARS-CoV-1—a
2583  separate species that has 26% and 36% sequence divergence in the S protein and S1 subunit,
254  respectively (40)—above thresholds associated with protection in animals studies (47, 42).

255 SARS-CoV-2 vaccine efficacy studies in NHPs generally compare elicited antibody

256  responses to those from recovered Covid-19 patients. We found neutralizing activity in the two-

10
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257  dose 50 pg SpFN group to be ten-fold higher than that in recovering patients. However, given the
258 preponderance of animal data generated across the vaccine landscape and the lack of
259  standardization across convalescent serum panels, we deemed it more relevant to focus
260 immunogenicity comparisons to published data from other vaccines evaluated in NHP studies.
261  We found that SARS-CoV-2 antibody responses in animals vaccinated with high-dose SpFN were
262  significantly higher than those generated by high doses of leading genetic vaccines (35, 39). That
263  differential increased when SpFN was compared to recombinant adenovirus vector vaccines (25,
264  38). The platform closest to SpFN in composition and design is the adjuvanted S-2P rosette,
265 NVX-CoV2373. In a study of cynomolgus macaques, NVX-CoV2373 induced a SARS-CoV-2
266 antibody responses that exceeded other vaccines but was lower than that generated by SpFN.
267  Direct quantitative comparisons of NHP immunogenicity and efficacy studies, however, can be
268  difficult to interpret, as doses and platforms vary across studies, and immunologic and virologic
269 endpoints are not measured by validated or identical assays. We have made attempts to overcome
270 this limitation by analyzing specimens with orthogonal assays harmonized to consensus
271  platforms. Additionally, our pseudovirus neutralization assay demonstrated equivalence to others
272  in a multi-site concordance survey of reference laboratories.

273 Potent neutralizing antibody responses may offer advantages for both vaccine efficacy and
274  durability. Thus far, neutralizing activity has been predictive of efficacy in human trials, as
275  vaccines that generate lower antibody titers have diminished efficacy (34). An open question
276  remains, however, regarding the length of immunity conferred by SARS-CoV-2 vaccines. For
277  those infectious diseases that are contained by neutralizing antibodies, peak titers have been
278  shown to predict durability (43-45). As such, SpFN may offer longer protection than counterparts;
279  though this requires empirical confirmation.

280 Cross-neutralizing activity against SARS-CoV-2 VOCs is largely diminished for other

281 vaccines at an approximately ten-fold reduction. SpFN induced serum cross-neutralizing

11
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282  responses, however, that were not significantly reduced. Additionally, we found serum binding to
283 mutated SARS-CoV-2 RBD was either unaffected or mildly diminished. Cross-neutralizing
284  activity against SARS-CoV-1 has not been reported yet for other vaccines in advanced
285  development. Some early reports of nanoparticle vaccine approaches presenting RBD have begun
286  to show breadth of neutralizing but these studies either have been limited murine immunogenicity
287  and have yet to demonstrate large animal efficacy or do not generate a full repertoire of multi-site
288  directed antibodies given their restriction to one domain of the S glycoprotein (46-48). We found
289 a comprehensive binding and neutralizing antibody response and a balanced cellular immune
290 response against SARS-CoV-1 Although background neutralizing activity was high in one assay,
291  neutralizing potency against SARS-CoV-1 was confirmed in an orthogonal virus neutralization
292  assay. Still, we are testing purified IgG from vaccine serum in both assays to control for the
293  background levels at baseline and in controls.

294 We hypothesize that breadth of immune response across the SARS betacoronaviruses
295  elicited by the SpFN vaccine may be the result of several factors. First, the quantity of the
296  polyclonal antibody response may surpass a threshold that overcomes resistance to neutralization
297  of antigenically distinct virus variants. Second, repetitive, ordered display of antigen on a self-
298 assembling nanoparticle has been shown to drive an expanded germinal center reaction with
299  resultant increases in B cell receptor mutation, affinity maturation and plasma cell differentiation
300  (6-8). Lastly, the adjuvant, ALFQ, may drive some of the breadth through CD4 T cell activation
301 (49, 50), especially given the high Thl response elicited by the co-formulation. Epitope mapping
302  and adjuvant comparison studies are underway to dissect the immune potency and breadth.

303 The collective immune response elicited by SpFN translated into a robust and rapid
304  reduction in replicating virus in the upper and lower airways of animals and resultant prevention
305  of pulmonary pathology. It is notable that SpFN protected against a viral challenge that was

306  higher than in any other NHP study to date, as replicating virus levels detected in the upper and

12
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307 lower airways of unvaccinated controls reached a mean of 10° to 10’ copies/ml. Despite this
308  higher challenge, SpFN still protected as rapidly as other leading vaccines. SpFN also quickly
309 eliminated sgmRNA in NP swabs, which has implications for decreasing viral shedding and
310 transmission. The absence of an antibody titer boost after challenge suggests a potent anamnestic
311  response and lends additional evidence for near-sterilizing immunity, which again may have
312  implications for preventing viral transmission. Altogether, the immunologic potency and breadth
313 and virologic and pathologic efficacy of SpFN in NHPs support its advancement to evaluation in
314  aphase I clinical trial.

315

316 REFERENCES AND NOTES

317 1. M. S. Freedman, K. Ault, H. Bernstein, Advisory Committee on Immunization Practices
318 Recommended Immunization Schedule for Adults Aged 19 Years or Older - United
319 States, 2021. MMWR Morb Mortal Wkly Rep 70, 193-196 (2021).

320 2. J. R. Mascola, B. S. Graham, A. S. Fauci, SARS-CoV-2 Viral Variants-Tackling a

321 Moving Target. JAMA, (2021).

322 3. D. Ho et al., Increased Resistance of SARS-CoV-2 Variants B.1.351 and B.1.1.7 to

323 Antibody Neutralization. Res Sg, (2021).

324 4. J. R. Ortiz et al., The operational impact of deploying SARS-CoV-2 vaccines in countries
325 of the WHO African Region. medRxiv, (2020).

326 5. in Framework for Equitable Allocation of COVID-19 Vaccine, B. Kahn, L. Brown, W.

327 Foege, H. Gayle, Eds. (Washington (DC), 2020).
328 6. H. G. Kelly et al., Self-assembling influenza nanoparticle vaccines drive extended
329 germinal center activity and memory B cell maturation. JCI Insight S, (2020).

330 7. Y. Kato et al., Multifaceted Effects of Antigen Valency on B Cell Response Composition

331 and Differentiation In Vivo. Immunity 53, 548-563 €548 (2020).

13


https://doi.org/10.1101/2021.03.24.436523

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 2021. The copyright holder for this preprint

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

R. Ubelhart et al., Responsiveness of B cells is regulated by the hinge region of IgD. Nat
Immunol 16, 534-543 (2015).

J. M. Bradley, N. E. Le Brun, G. R. Moore, Ferritins: furnishing proteins with iron. J Biol
Inorg Chem 21, 13-28 (2016).

H. D. Kamp et al., Design of a broadly reactive Lyme disease vaccine. NP.J Vaccines S, 33
(2020).

K. A. Swanson et al., A respiratory syncytial virus (RSV) F protein nanoparticle vaccine
focuses antibody responses to a conserved neutralization domain. Sci Immunol S, (2020).
M. Kanekiyo et al., Rational Design of an Epstein-Barr Virus Vaccine Targeting the
Receptor-Binding Site. Cell 162, 1090-1100 (2015).

M. Kanekiyo et al., Self-assembling influenza nanoparticle vaccines elicit broadly
neutralizing HIN1 antibodies. Nature 499, 102-106 (2013).

H. M. Yassine et al., Hemagglutinin-stem nanoparticles generate heterosubtypic influenza
protection. Nat Med 21, 1065-1070 (2015).

https://clinicaltrials.gov/ct2/show/NCT03186781. (2021).

https://clinicaltrials.gov/ct2/show/NCT03814720. (2021).

D. Wrapp et al., Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 367, 1260-1263 (2020).

G. Dagotto, J. Yu, D. H. Barouch, Approaches and Challenges in SARS-CoV-2 Vaccine
Development. Cell Host Microbe 28, 364-370 (2020).

T. F. Rogers et al., Isolation of potent SARS-CoV-2 neutralizing antibodies and protection
from disease in a small animal model. Science 369, 956-963 (2020).

T. Zohar, G. Alter, Dissecting antibody-mediated protection against SARS-CoV-2. Nat

Rev Immunol 20, 392-394 (2020).

14


https://doi.org/10.1101/2021.03.24.436523

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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.

356 21. C.R.Alving, K. K. Peachman, G. R. Matyas, M. Rao, Z. Beck, Army Liposome
357 Formulation (ALF) family of vaccine adjuvants. Expert Rev Vaccines 19, 279-292 (2020).
358 22. C. Munoz-Fontela ef al., Animal models for COVID-19. Nature 586, 509-515 (2020).

359 23.  P.Singh, Z. Beck, G. R. Matyas, C. R. Alving, Saturated phospholipids are required for

360 nano- to micron-size transformation of cholesterol-containing liposomes upon QS21
361 addition. J Liposome Res 29, 247-250 (2019).

362 24.  N. Suryadevara et al., Neutralizing and protective human monoclonal antibodies

363 recognizing the N-terminal domain of the SARS-CoV-2 spike protein. bioRxiv, (2021).

364 25.  N.B. Mercado et al., Single-shot Ad26 vaccine protects against SARS-CoV-2 in rhesus
365 macaques. Nature 586, 583-588 (2020).

366 26. J. Yuetal, DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science
367 369, 806-811 (2020).

368 27.  A. Alrubayyi et al., A flow cytometry based assay that simultaneously measures

369 cytotoxicity and monocyte mediated antibody dependent effector activity. J Immunol
370 Methods 462, 74-82 (2018).

371  28. B. F. Haynes et al., Prospects for a safe COVID-19 vaccine. Sci Trans! Med 12, (2020).
372 29. J.S.Hale, R. Ahmed, Memory T follicular helper CD4 T cells. Front Immunol 6, 16
373 (2015).

374 30.  X. Shen et al., SARS-CoV-2 variant B.1.1.7 is susceptible to neutralizing antibodies
375 elicited by ancestral Spike vaccines. bioRxiv, (2021).

376 31. Z.Wang et al., mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating

377 variants. Nature, (2021).

378 32. K. Wuetal, mRNA-1273 vaccine induces neutralizing antibodies against spike mutants

379 from global SARS-CoV-2 variants. bioRxiv, (2021).

15


https://doi.org/10.1101/2021.03.24.436523

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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.

380 33. Y. Liuetal, Neutralizing Activity of BNT162b2-Elicited Serum - Preliminary Report. N
381 Engl J Med, (2021).

382 34. M. Voysey et al., Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222)
383 against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil,
384 South Africa, and the UK. Lancet 397, 99-111 (2021).

385 35. K. S. Corbett et al., Evaluation of the mRNA-1273 Vaccine against SARS-CoV-2 in
386 Nonhuman Primates. N Engl J Med 383, 1544-1555 (2020).

387 36. M. Guebre-Xabier et al., NVX-CoV2373 vaccine protects cynomolgus macaque upper
388 and lower airways against SARS-CoV-2 challenge. Vaccine 38, 7892-7896 (2020).

389 37. H. Wang et al., Development of an Inactivated Vaccine Candidate, BBIBP-CorV, with
390 Potent Protection against SARS-CoV-2. Cell 182, 713-721 €719 (2020).

391 38.  N.van Doremalen ef al.,, ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia
392 in rhesus macaques. Nature 586, 578-582 (2020).

393 39.  A.B.Vogel et al., Immunogenic BNT162b vaccines protect thesus macaques from

394 SARS-CoV-2. Nature, (2021).
395 40. J. Verma, N. Subbarao, A comparative study of human betacoronavirus spike proteins:
396 structure, function and therapeutics. Arch Virol 166, 697-714 (2021).

397 41.  I.Li, L. Ulitzky, E. Silberstein, D. R. Taylor, R. Viscidi, Immunogenicity and protection
398 efficacy of monomeric and trimeric recombinant SARS coronavirus spike protein subunit
399 vaccine candidates. Viral Immunol 26, 126-132 (2013).

400 42. R.L.Roper, K. E. Rehm, SARS vaccines: where are we? Expert Rev Vaccines 8, 887-898
401 (2009).

402  43. J. E. Staples, A. D. T. Barrett, A. Wilder-Smith, J. Hombach, Review of data and

403 knowledge gaps regarding yellow fever vaccine-induced immunity and duration of

404 protection. NP.J Vaccines S, 54 (2020).

16


https://doi.org/10.1101/2021.03.24.436523

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 2021. The copyright holder for this preprint

44,

45.

46.

47.

48.

49.

50.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

S. N. Crooke et al., Durability of humoral immune responses to rubella following MMR
vaccination. Vaccine 38, 8185-8193 (2020).

H. Theeten et al., Long-term antibody persistence after vaccination with a 2-dose Havrix
(inactivated hepatitis A vaccine): 20 years of observed data, and long-term model-based
predictions. Vaccine 33, 5723-5727 (2015).

A. A. Cohen et al., Mosaic nanoparticles elicit cross-reactive immune responses to
zoonotic coronaviruses in mice. Science 371, 735-741 (2021).

A. E. Powell et al., A Single Immunization with Spike-Functionalized Ferritin Vaccines
Elicits Neutralizing Antibody Responses against SARS-CoV-2 in Mice. ACS Cent Sci 7,
183-199 (2021).

K. O. Saunders et al., SARS-CoV-2 vaccination induces neutralizing antibodies against
pandemic and pre-emergent SARS-related coronaviruses in monkeys. bioRxiv, (2021).
C. J. Genito et al., Liposomes containing monophosphoryl lipid A and QS-21 serve as an
effective adjuvant for soluble circumsporozoite protein malaria vaccine FMPO13. Vaccine
35, 3865-3874 (2017).

A. Ramakrishnan et al., Enhanced Immunogenicity and Protective Efficacy of a
Campylobacter jejuni Conjugate Vaccine Coadministered with Liposomes Containing

Monophosphoryl Lipid A and QS-21. mSphere 4, (2019).

ACKNOWLEDGMENTS

We thank J. Lay, E. Zografos, J. Lynch, L. Mendez-Rivera, N. Jackson, B. Silke, U. Tran and S.

Peters for technical support, assistance and advice. Funding: We acknowledge support from the

U.S. Department of Defense, Defense Health Agency (Restoral FY20). This work was also

partially executed through a cooperative agreement between the U.S. Department of Defense and

the Henry M. Jackson Foundation for the Advancement of Military Medicine, Inc. (W81 XWH-

17


https://doi.org/10.1101/2021.03.24.436523

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 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.

430  18-2-0040). The views expressed are those of the authors and should not be construed to represent
431  the positions of the U.S. Army or the Department of Defense. Research was conducted in
432 compliance with the Animal Welfare Act and other federal statutes and regulations relating to
433 animals and experiments involving animals and adheres to principles stated in the Guide for the
434  Care and Use of Laboratory Animals, NRC Publication, 1996 edition. Author contributions:
435 K.M. and M.G.J designed the study. H A.K., S.V., N.L.M., D.B. provided additional inputs into
436  study design modifications. LE.N, A A., KK.P.,, CM.C,, C.S., RE.C, P.V.T.,, W-H.C,, RS.S,,
437 AH., EJM., CEP,W.CC,MC,CS,PJL,AA, KMW,MD.,ILS,JR.C,KG.L, V.D,
438 SM.,, KA., R.C,SJK. DM.P,NK., VRP,YH,LL.J., GD.G. performed immunologic and
439 virologic assays. H.A.E, A.C., M.G.L. led the clinical care of the animals design and
440 interpretation of data. S.P.D., X.Z., E.K.D performed histopathology. K.M., M.G.J., P.V.T., W-
441 H.C., RS.S., AH, EJM,, CE.P., W.C.C, and M.C. designed the immunogens. M.R., G.R.M.,
442  and A.A. designed and provided the adjuvant. M.G.J., H AK. JJA-H., M.G.T., C.S. RJ.O,,
443 S.P.D,MF.A,S.V,PTS., DD.H., MS.D, M.G.L, MR, G.G.D, S.A.P.,, NLM. D.L.P. and
444  K.M. analyzed and interpreted the data. K.M. wrote the paper with assistance from all coauthors.
445 Competing interests: K.M. and M.G.J. are primary co-inventors on related vaccine patents. The
446  other authors declare no competing interests. Data and materials availability: All data are

447  available in the manuscript or the supplementary materials.

448

18


https://doi.org/10.1101/2021.03.24.436523

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.24.436523; this version posted March 25, 2021. The copyright holder for this preprint
A (which was not certified bg_peer review) is the authorEnder. All rights reserved. No reuse allowed without permission.
1

Spike Binding Ig Pseudovirus Neutralization
7 6_
10 - 10
108 g
105 T 1
[]
n 2
g 10 o 10°
2 103+ o
= 3]
102_ § 10
1_ —
10 § 102_
100+ @
T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Week Week

e PBS e 50ug SpFN (4 wk) e 50ug SpFN (0, 4 wk) = 51g SpFN (0, 4 wk)

C D

Live virus neutralization at week 8 ACE2 Inhibition at week 8
0.002 0.008
105 —<0-001 <00010 02
0.008 - 10% -
> 4 § Q
£z Eﬁ § 1 o
(@)
2w Eﬂ g
N — 1034 2 1074
® e =
-S 8) = 100
QL 2] ks —
z 10 |
£ Eg
L] o) 10-1_
10° T T T T < T T T T
PBS 50ug 50ug 5ug PBS 50ug  50ug 5ug
(4 wk) (0,4 wk) (0,4 wk) (Awk) (0,4wk) (0,4 wk)

Pseudovirus neutralization at week 8

<0.001
<0.001

—~ <0.001

o‘g) 105+ _— <0.001
i) <0.001 Ea
=

—

4
g 10
|_
3
) 103_
©
(&)
g- 102_
o smeeee
& | T T T I
PBS 50ug 50ug 5ug Convalescent

(dwk) (0,4 wk) (0,4 wk)

Fig. 1. SpFN elicited binding and neutralizing antibody responses elicited in rhesus macaques.

(A, B) Animals were vaccinated with 5 or 50 pg of SpFN at weeks 0 and 4 or 50 pg of SpFN at week 4 only. Control
animals were given phosphate-buffered saline (PBS) instead. Serum specimens were assessed for (A) SARS-CoV-2 Spike-
specific IgG by the MSD electrochemiluminescent platform and (B) SARS-CoV-2 pseudovirus neutralization every 2
weeks following vaccination and 1 to 2 weeks following viral challenge. Data are depicted as the area under the curve
(AUC) of IgG binding and virus neutralization reciprocal 50% inhibitory dilution (IDs), respectively. Thick lines indicate
geometric means within each group and thin lines represent individual animals. (C) Authentic virus neutralization was also
assessed at 4 weeks after last vaccination. (D) Inhibition of angiotensin-converting enzyme 2 (ACE2) receptor binding to
the receptor-binding domain (RBD) at 4 weeks after last vaccination was measured on the MSD platform and reported in
arbitrary units (AU)/ml. (E) Pseudoneutralization activity was compared to a panel of human convalescent sera (N=41
samples). In the box plots, horizontal lines indicate the mean and the top and bottom reflect the minimum and maximum.
Symbols represent individual animals and overlap with one another for equal values where constrained. Significance was
assessed using a Kruskal-Wallis test followed by a Dunn’s post-test.
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Fig. 2. SpFN vaccine elicited SARS-CoV-2 Spike-specific CD4+ T cell responses in rhesus macaques. T cell responses
were assessed by SARS-CoV-2 S peptide pool stimulation and intracellular cytokine staining of peripheral blood
mononuclear cells collected at 4 weeks after last vaccination. S-specific memory CD4+ T cells expressing the indicated
markers are shown as follows: (A) Thl cytokines (IFNy, TNF and IL-2); (B) Th2 cytokines (IL-4 and IL-13); (C) IL-21;
and (D) CD40L. Boolean combinations of cytokine positive memory CD4+ T cells were summed. Probable positive
responses, defined as >3 times the group background at baseline, are depicted as closed symbols. Positivity rates within
each group are shown below each graph as a fraction. In the box plots, horizontal lines indicate the mean and the top and
bottom reflect the minimum and maximum. Significance was assessed using a Kruskal-Wallis test followed by a Dunn’s
post-test.
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Fig. 3. Viral replication in the lower and upper airways after SpFN vaccination and subsequent SARS-CoV-2
respiratory challenge. Subgenomic messenger RNA (sgmRNA) copies per milliliter were measured in the: (A)
bronchoalveolar lavage fluid, (B) nasopharyngeal swabs and (C) saliva of vaccinated and control animals for two weeks
following intranasal and intratracheal SARS-CoV-2 (USA-WA1/2020) challenge of vaccinated and control animals.
Specimens were collected on 1, 2, 4, 7, 10 and 14 days post-challenge. Dotted lines demarcate assay lower limits of linear
performance range (Log;o of 2.65 corresponding to 450 copies/ml). In the box plots, horizontal lines indicate the mean and
the top and bottom reflect the minimum and maximum.
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Fig. 4. Histopathology and virus detection in the lungs of SpFN vaccinated and unvaccinated control rhesus
macaques following SARS-CoV-2 respiratory challenge. At 7 days post-challenge paraffin-embedded lung parenchymal
tissue sections, were (A-D) stained with hematoxylin and eosin (H&E) and (E-H) for immunohistochemistry (IHC).
(E)Viral antigen is seen in brown aggregates. Representative images are presented at two magnifications.
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Fig. 5. Pseudovirus and authentic virus neutralizing antibody responses elicited by SpFN vaccination in rhesus
macaques against SARS-CoV-2 variants B.1.1.7 and B.1.351, as compared to responses against SARS-CoV-2 WA-1
authentic virus and Wuhan-1 pseudovirus. (A-C) Authentic virus and (D-G) pseudovirus neutralizing antibody responses
were measured 2 weeks after last vaccination with either two doses of 50 ug (A, D) or 5 ug (B, E) or one dose of 50 ug (C,
F). Reciprocal ID50 GMT fold-change from wild-type neutralization (WA-1 or Wuhan-1) was assessed (G), with statistical
significance set at a p-value of < 0.05. Statistical comparisons were done by Kruskal-Wallis test followed by a Dunn’s post-
test. In the box plots, horizontal lines indicate the mean and the top and bottom reflect the minimum and maximum.
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Fig. 6. Humoral and Cellular Inmune Responses to SARS-CoV-1 Elicited by SpFN in Rhesus Macaques.

Serum binding responses to SARS-1 RBD by biolayer interferometry, (B) antibody dependent cellular phagocytosis, (C) authentic
SARS-CoV-1 (Urbani) neutralization (ID50), (D) pseudo-SARS-CoV-1 (Urbani) neutralization (ID90), (E) SARS-CoV-1 (Urbani)
Spike-specific CD4+ Thl and (F) Th2 response were measured 2 weeks after last vaccination. Significance was assessed with a Kruskal-
Wallis test followed by a Dunn’s post-test. In the box plots, horizontal lines indicate the mean and the top and bottom reflect the
minimum and maximum.
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