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25 Abstract

26 Ebola virus (EBOV) is the most virulent pathogens that cause hemorrhagic fever with high
27  mortality rates in humans and nonhuman primates. The postexposure antibody therapies to
28  prevent EBOV infection are considered efficient. However, due to the poor thermal stability of
29  mammalian antibody, their application in the tropics has been limited. Here, we developed a
30  thermostable therapeutic antibody against EBOV based on chicken immunoglobulin Y (IgY).
31  The IgY antibodies demonstrated excellent thermal stability, which retained their neutralizing
32  activity at 25°C for one year, in contrast to conventional polyclonal or monoclonal antibodies
33  (MAbs). We immunized laying hens with a variety of EBOV vaccine candidates and confirmed
34  that VSV A G/EBOVGP encoding the EBOV glycoprotein could induce high titer neutralizing
35 antibodies against EBOV. The therapeutic efficacy of immune IgY antibodies in vivo was
36  evaluated in the newborn Balb/c mice model. Lethal dose of virus challenged mice were treated
37 2 or 24 h post-infection with different doses of anti-EBOV IgY. The group receiving a high
38  dose of 106 NAU/kg (neutralizing antibody units/kilogram) achieved complete protection with
39  no signs of disease, while the low-dose group was only partially protected. In contrast, all mice
40  receiving naive IgY died within 10 days. In conclusion, the anti-EBOV IgY exhibits excellent
41  thermostability and protective efficacy, and it is very promising to be developed as alternative
42  therapeutic entities.

43  Author Summary

44 Although several Ebola virus therapeutic antibodies have been reported in recent years,

45  however, due to the poor thermal stability of mammalian antibody, their application in tropical
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46  endemic areas has been limited. We developed a highly thermostable therapeutic antibody
47  against EBOV based on chicken immunoglobulin Y (IgY). The IgY antibodies demonstrated
48  excellent thermal stability, which retained their neutralizing activity at 25°C for one year. The
49  newborn mice receiving passive transfer of IgY achieved complete protection against a lethal
50 dose of virus challenge indicating that the anti-EBOV IgY provides a promising
51  countermeasure to solve the current clinical application problems of Ebola antibody-based

52 treatments in Africa.

53

54 Introduction

55  Ebola virus (EBOV) belongs to the Filoviridae family and the known cause of severe

56  hemorrhagic fever in humans and nonhuman primates (NHPs). Since the epidemic of Zaire

57  (now the Democratic Republic of the Congo, DRC) and Sudan in 1976, intermittent local

58  epidemics persist in Africa, with a case-fatality rate of 25-90%. The most severe Ebola outbreak

59  to date occurred in West Africa from 2014 to 2016, more than 28 000 people infected, and 11

60 323 patients died. Occasionally, cases have been exported into other countries through travel.

61 The ongoing outbreak in the DRC is the second-largest Ebola epidemic on record, with 2 279

62  lives lost and 3 462 confirmed infections since August 2018, which prompted WHO to declare

63  this epidemic a public health emergency of international concern. Pandemic potential, high

64  mortality, high infectivity, and lack of preventive and therapeutic approaches make EBOV a

65  Class A pathogen that seriously threatens public health.

66 The intermittent and continuous outbreak of Ebola disease (EVD) poses a challenge for
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67  public health, which promoted research on vaccines and antiviral drugs. The most effective

68  strategy to prevent and treat EVD is antibody immunotherapy [1-5]. However, antibody

69  treatment was not optimistic at the beginning, although antibody KZ52 had high neutralizing

70  activity but failed to play a role in NHPs [6]. Until 2012, it was discovered that convalescent

71 plasma can protect NHPs from lethal dose of EBOV infection, and antibody therapy strategy

72 rekindled researchers' interest [7]. The researchers tried to mix multiple MAbs against EBOV

73 glycoprotein (GP) to form ZMapp (2G4, 4G7, 13C6), a new antibody combination based on

74 cocktail therapy. It was used to treat seven infected persons, and 5 of them survived. ZMapp

75  has an excellent protective effect in NHPs and patients and has greatly extended the window

76  period of administration. The emergence of ZMapp has brought the peak of antibody treatment

77  research [8]. Nowadays, antibody therapy becomes a promising approach to control EVD.

78  Recently, anti-EBOV equine sera and ovine sera were confirmed that can protects rodent

79  models against EBOV challenge [9-11]. These studies suggest that EBOV-specific antibodies

80 from different species are expected to be developed as therapeutic agents.

81 Although EBOV therapeutic antibody has inspiring application prospects, it still has some

82  application limitations. Firstly, the limited availability and security of convalescent plasma

83  have hampered its global application. Secondly, MAbs have long preparation cycles and high

84  production costs. Also, they all need strict transportation and storage conditions. However, the

85  Ebola outbreak mainly occurred in the hot and less wealthy African regions, thus limiting the

86  current application of antibodies. Poultry-derived IgY provides an alternative strategy for

87  producing safe and inexpensive antibodies. IgY antibodies, the predominant serum
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88  immunoglobulin in birds, reptiles, and amphibians, are transferred from the serum of females

89  tothe egg yolk [12], where they offer passive immunity to embryos and neonates. As a potential

90 therapeutic antibody, IgY has lots of advantages over mammalian IgG due to its structural and

91 immunological properties [13]. It possesses excellent stability under various physicochemical

92  conditions and lower manufacturing costs. It cannot bind to mammalian Fc receptors or

93  complement components [14], which can avoid potential antibody-dependent infection

94  enhancement (ADE) and adverse immune reactions. Eggs can be used to produce large amounts

95  of yolk antibodies quickly and do not cause harm to animals. In recent years, the antibody

96  therapy strategy based on IgY has been widely recognized, and many promising results have

97  been reported in influenza virus [15-17], dengue virus [18], zika virus [19], hantavirus [20],

98  severe acute respiratory syndrome [21], rotavirus and norovirus [22], etc. Previous studies have

99  reported multiple Ebola vaccine candidates based on different platforms. These candidates

100  exhibit different immunogenicity. To prepare high-immunity IgY antibodies, we need to screen

101 for immunogens that can induce laying hens to produce the most robust humoral immune

102  response.

103 This study aimed to produce an anti-EBOV IgY antibody and assess its antiviral efficiency.

104  The IgY antibody was obtained from laying hens immunized with recombinant vesicular

105  stomatitis virus vector encoding EBOV GP (VSV A G/EBOVGP). The protecting efficiency of

106  the resulting IgY antibody against EBOV was evaluated by Enzyme-linked immunosorbent

107  assay (ELISA), pseudotyped virus neutralization assay, and a mouse challenge model. The

108  results show that the IgY antibody has excellent thermal stability and achieve protection against
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109  lethal challenge in newborn mice. Our results suggest that the potent IgY warrant further
110  development as prophylactic and therapeutic reagents for EVD.

111  Results

112  Preparation of immunogens

113  Vaccine-clicited neutralizing antibodies (NAbs) are associated with protection against
114  Filoviridae family mediated disease. In order to obtain the most potent anti-EBOV antibody,
115  we prepared several EBOV immunogens based on multiple different platforms, including DNA
116 vaccine (pCAGGS/EBOVGP), recombinant protein (rEBOVGP) or virus-like particle (EBOV-
117  VLP) subunit vaccines, and two viral vector vaccines (VSV A G/EBOVGP, Ad5/EBOVGP).
118  Western blot confirmed that these immunogens could express or contain EBOV GP that can
119  induce NAbs in animals (Fig 1). Due to the differences in humoral immune responses induced
120 Dby different vaccines, we need to screen for the most suitable immunogen for IgY antibody
121 production.

122  Immunogens elicited high titer of anti-EBOV IgY

123  To obtain high titer EBOV NAbs, 5-month-old laying hens were vaccinated with five different
124  immunogens, including 10° or 10* TCIDs, VSVAG/EBOVGP, 100 pg rEBOVGP, 100 ug
125 pCAGGS/EBOVGP, 10 ug EBOV-VLP, and 10'! virus particles (vp) AdS/EBOVGP (Fig 2a).
126  Thirty-five laying hens were randomly divided into seven groups, which were immunized four
127  times with each immunogen or PBS control intramuscularly (i.m.) at a 14-day interval. Eggs
128  were collected at 0, 2, 4, 6, 8 weeks, and IgY antibodies were purified from egg yolk for ELISA
129  and NADs test. Both titers in all groups were gradually increased after the first immunization.
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130  The results showed that all immunogens except DNA vaccine induced potent Gp-specific
131  ELISA antibodies (Fig 2b). For the NAbs, the geometric mean titers (GMTs) in 10* TCID50
132  VSVAG/EBOVGP group reached 1:3650 (VSV pseudoneutralisation, VSV-PsN) and 1:320
133  (lentiviral vectors pseudoneutralisation, LVV-PsN) after the third boost, which significantly
134  higher than other groups (Fig 2c-d). VSVAG/EBOVGP induced the strongest NAb titers than
135  the other immunogens. In contrast, the GP-specific ELISA and NAb titers were not detected in
136  the negative control group. Besides, to determine the correlation between the immune dosage
137  and antibody level, two dosages of VSVAG/EBOVGP were used to immunize laying hens. 10*
138  TCID50 VSVA G/EBOVGP induced stronger NAbs titer compared to 10° TCIDs, VSVA
139  G/EBOVGP, suggesting that the immunization dose is crucial for obtaining higher titers of
140  NAbs. In order to exclude the possible interference of the antibody generated by the VSV vector
141 backbone, we used two PsN assays, VSV-PsN and LVV-PsN, and the results showed that the

142  two assays obtained consistent results.

143  Purification and characterization of IgY

144  After four immunizations with 10* TCID50 VSVAG/EBOVGP, IgY antibodies were purified
145  from these collected eggs and then verified by SDS-PAGE (Fig 3a) and Western blot (Fig 3b)
146  assays. SDS-PAGE results showed that two bands with molecular weights of 66 and 22 kDa
147  appeared, representing the heavy chain and light chain of IgY, respectively. The purified IgY
148  antibodies exhibited EBOV GP-specific immunoreactivity to EBOV sGP expressed in E. coli
149  expression system when tested with Western blot. Besides, about 50 mg of IgY antibodies with
150  a purity greater than 95% can be obtained from an egg, suggesting that the production cost of
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151  this antibody is relatively lower.

152  Passive transfer of IgY protect newborn BALB/c mice from lethal challenge

153  To determine whether the anti-EBOV IgY antibodies are protective against EBOV, passive
154  protection experiment was performed in newborn BALB/c mice (within the first 3 days of life).
155  Forty newborn BALB/c mice were divided into eight groups, which were challenged
156  subcutaneously (s.c.) with 10* TCID50 VSVAG/EBOVGP. Two hours or 1 day post-infection
157  (dpi), each mouse was adoptively transferred with IgY twice daily for 3 days, and control group
158  mice treated with naive IgY (Fig 4a). To determine the correlation between the transferred IgY
159  dosage and therapeutic efficacy, three different dosages with 104, 10°, or 10° NAU/kg (NAb
160  units/kilogram, VSV-PsN) were intraperitoneally (i.p.) transferred to six groups of challenged
161  mice, respectively. The results showed that all the mice receiving 10° NAU/kg IgY were healthy
162  with the gradually increasing bodyweights and without any clinical syndromes within 15 dpi
163  (Fig 4b-c). However, all the control mice died during 6-10 dpi, and the bodyweights began to
164  decrease rapidly from the second day until death. In the other two lower doses administration
165  groups, mice failed to obtain full protection and displayed bodyweight losses after 4 dpi. Only
166  one mouse receiving 10* NAU/kg IgY survived to day 15, and the mice of two timepoints
167  treatment groups increase 5% or 2% of bodyweight with a mean time to death (MTD) of 11.25
168  or 11 dpi (Fig 4d-e). The situation has improved when the injection amount is 10° NAU/kg. 4/5
169  mice receiving IgY 2 h post-infection survived to day 15 with an average weight increase of 6%
170  and an MTD of 12 dpi. Another group, 3/5 mice receiving IgY 1 dpi survived to day 15 with

171 an average bodyweight increase of 2% and an MTD of 11.5 dpi. These data indicated that anti-
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172  EBOV IgY conferred complete passive protection to newborn mice against a high
173  concentration of VSV vector-based EBOV recombinant chimeric virus challenge.
174  Administrating high-concentration IgY immediately after infection or even one day later can
175  prevent mice from dying by infection, suggesting that anti-EBOV IgY can be used for
176  emergency prevention and treatment after exposure to EBOV.

177  Bioavailability of IgY in guinea pigs

178  To more accurately confirm the protective efficacy of the anti-EBOV IgY, the metabolic level
179  of antibodies in the body needs to be evaluated. The bioavailability of IgY in vivo was assessed,
180  two groups of 12-week-old female guinea pigs received s.c. injection with 103 or 10° NAU/kg
181  IgY, respectively. Sera were collected daily and tested by VSV-PsN assay within six days after
182  antibodies injection. The NAbs titer in the guinea pig sera reached a high level. Then the
183  antibody level gradually decreased and fell below the detection limit on the third (low dosage
184  group) and fourth days (high dosage group), respectively (Fig 5). These results suggest that
185  passive transfer of IgY can provide guinea pigs with 2-3 days of protection and that higher
186  doses of antibodies can provide longer protection time.

187  Thermal Stability of IgY

188  Considering that Ebola hemorrhagic fever mainly occurs in tropical regions, the thermal
189  stability of antibody-based antiviral reagents is essential for practical applications. We stored
190 the purified and filtered sterilized IgY in four different temperature environments, including
191 4°C, 25°C, 37°C, and 45°C. Then, the NAb titers were tested every month for one year. The

192  results showed that the IgY NAD titers had no significant change at 4°C and 25°C within one
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year. However, the antibody titer stored at 37°C gradually decreased from the second month,
and only about 20% of the antibody activity remained by the end. In contrast, the activity of the
IgY stored at 45°C is lost faster, and the NAbs titer cannot be measured by the third month.
These results proved that the anti-EBOV IgY has excellent thermal stability, can be stored at
room temperature (RT) for up to one year, and can maintain one month of activity at 37°C
without significant changes. Even at a high temperature of 45°C, it still can short-term retention
of activity (Fig 6). It is suggested that this anti-EBOV IgY can be used as an emergency

prevention/treatment reagent in endemic tropical regions.

Fig 1. Western blot analysis of EBOV immunogens. Recombinant protein, vector immunogens
and 293T cell lysates transfected with plasmid expressing EBOV GP were separated by SDS—
PAGE under reducing conditions, transferred to PVDF membrane, and detected using EBOV

GP1-specific MAb.
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Fig 2. Immunogenicity of different EBOV immunogens in laying hens. (a) Seven groups of
laying hens (5-month-old, n=5 per group) were inoculated with VSV A G/EBOVGP,
rEBOVGP, pCAGGS/EBOVGP, EBOV-VLP, Ad5/EBOVGP or PBS as control, respectively,
through i.m. route at 0, 2, 4, 6 weeks. The eggs were collected at 0, 2, 4, 6, 8 weeks. The yolk
IgY were purified and used to test the GP-specific ELISA antibody titers (b) and NAb titers (c,

d) by VSV-PsN and LVV-PsN assay. The dashed line in B indicates the detection limit. Data
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215  Fig 3. Purity and immunogenicity analysis of anti-EBOV yolk antibody. (a) Purified IgY was
216  analyzed by SDS-PAGE. (b) Recombinant sGP expressed in E. coli was analyzed by Western

217  blot with anti-EBOV IgY.
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220  Fig 4. Passive protection of anti-EBOV IgY in newborn Balb/c mice. Experimental scheme (a).
221  Eight groups of newborn Balb/c mice (3-day-old, n=5 per group) were challenged s.c. with 10*

222  TCID50 VSVAG/EBOVGP, after 2 h or 1 day, each mouse was given different doses of IgY
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223  or naive IgY via i.p. route twice daily for 3 days. The survival rates (b, ¢) and bodyweight

224 changes (d, ¢) were monitored every day. Data are shown as means + SEM.
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226  Fig 5. Bioavailability of anti-EBOV IgY in guinea pigs. Two Groups of guinea pigs (12-
227  week-old, n=3 per group) were injected s.c. with 10 NAU/kg or 10° NAU/kg IgY. Sera NAb
228  titers were tested daily by VSV-PsN assay. The dashed line indicates the detection limit. Data

229 are shown as means + SEM.

230
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233  Fig 6: Thermal Stability analysis of purified IgY. Purified IgY were placed under different
234  temperature conditions (4 °C, 25 °C, 37 °C, and 45 °C) for 1 year and neutralizing activity

235  were detected per month.

236  Discussion

237  Ebola hemorrhagic fever is associated with high mortality in humans and spread quickly among
238  populations in which medical facilities are scarce, antibody therapies is the only option for
239  EBOV-infected patients. An ideal therapeutic antibody should be highly efficacious, easy to
240  use, and inexpensive. Previous strategies to develop antibody against EBOV were derived from
241  mammals, although these antibody reagents have proved to have good protective efficacy, their
242  thermal stability is not good [7-11, 23-29]. Considering that EVD mainly occurs in Africa, due
243  to the hot climate and lack of cold chain transportation, the clinical application of these
244  antibodies may be hampered. Moreover, the sooner people receive treatment post exposure to
245 EBOV, the higher the survival rate. Therefore, an Ebola therapeutic antibody with high-

246  efficiency protection and good thermal stability has become a high priority. In recent years,
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247  therapeutic antibodies based on avian IgY have begun to receive more and more attention, and
248  avariety of pathogen therapeutic antibodies based on IgY have proved to have very good safety
249  and therapeutic effects [15-19, 21, 22]. Compared with mammalian antibodies, avian antibodies
250  have several distinct advantages. First of all, IgY has higher target specificity, greater binding
251 avidity and longer circulating half-life, which could increase its efficacy against infections [30];
252  Secondly, IgY does not react with complement system, so the risk of causing inflammation in
253  vivo is less. In addition, previous studies have shown that EVD has an ADE effect, which can
254  enhance EBOV infection by human antibodies. Blocking of Fc-receptors reaction through
255  mutating the Fc fragment can abolish ADE, and can effectively enhance the protection efficacy
256  of EBOV antibody [31]. Because IgY does not bind to Fc receptors, so it can perfectly avoid
257  the EBOV ADE effect caused by antibodies. Furthermore, one hen can produce up to 22 grams
258  of IgY antibody a year, which means that the antibody production of two hens is equivalent to
259  one horse, and egg production has already been scaled up, making large-scale and low-cost IgY
260  production feasible [30]. The cheaper antibody drugs are also more suitable for applications in
261 Africa. In addition, compared with antibodies derived from mammalian serum, IgY is derived
262  from eggs, and therefore more in line with animal welfare principles. Finally, IgY has excellent
263  thermal stability, it can even be stored at RT for more than 6 months and at 37°C for more than
264 1 month, while maintaining its activity [30].

265 Although multiple EBOV vaccine platforms have been established, several vaccine
266  candidates showed excellent protective efficacy, but a systematic comparison of the humoral

267  immunity levels of different candidates on an animal model has not been addressed. Herein, we

15/28


https://doi.org/10.1101/2020.05.21.108159
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.21.108159; this version posted May 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

268  tested five different vaccine candidates in laying hens for eliciting yolk IgY level. We

269  demonstrated that the VSV vector-based EBOV vaccine can induce laying hens to produce

270  high-neutralizing IgY, while other vaccines failed to induce a strong humoral immune response.

271 Interestingly, the rVSV vaccine has been widely used (> 40 000 recipients) to prevent the

272  current Ebola outbreak in the DRC [32]. The Ebola vaccine candidates reported earlier have

273  verified its immunogenicity in rodents and primates, but due to the differences in the immune

274  systems of poultry and mammals, these studies cannot be used to direct guide immunization in

275  poultry. The immunogenicity of these vaccines was verified on laying hens, confirming that

276  there is a big difference in the immunogenicity of different vaccines on hens. Fortunately, we

277  obtained an efficient immunization protocol, and prepared high titer neutralizing IgY antibody.

278  To further confirm the protective efficacy of the anti-EBOV IgY, it needs to be verified by the

279  challenge/protection animal model. However, EBOV needs to be operated in the BSL-4

280  laboratory. Due to limited conditions, we cannot operate live EBOV. We tried to establish an

281  alternative solution. We injected high dose rVSV expressing EBOV GP into newborn mice.

282  We were surprised to find that mice injected with rVSV achieved 100% death, while the control

283  group injected with the same amount of PBS all survival, this phenomenon is limited to mice

284  within 3 days of birth. We injected 1-week-old mice with even higher doses of rVSV and could

285  not cause mice to die, suggesting that the infection model is limited to newborn mice. We used

286  this animal model to evaluate our antibodies and proved that treatment with high-concentration

287  1IgY at2 and 24 hours after challenge can protect mice from death, thus proving that we prepared

288  IgY can protect mice from lethal dose of virus attack.
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289 Antibody therapy played a critical role in antiviral over the past 100 years, humans have

290  exploited passive immunization for treating a variety of infectious diseases. In the West Africa

291 Ebola outbreak, recent evidence suggests therapeutic antibody treatment post-exposure can

292  affect the progression of EVD. The production of recombinantly manufactured MAbs can be

293  clinically useful. Therefore, antibody-based treatments should be further investigated for use in

294  humans. Given the economic and medical restrictions in Africa, all the antibody therapeutic

295  preparations currently have the disadvantages of high cost, long preparation period, and strict

296  need for cold chain transportation conditions. These features suggest there will be an ongoing

297  need for better EBOV therapeutic reagents. Poultry antibodies have the advantages of safety,

298  high efficiency, stability, easy scale production and low cost, which make it very good

299  candidate for global therapeutic use in the time of epidemic.

300 In this study, we utilized the avian antibodies platform to develop an EBOV therapeutic

301 formulation based on poultry IgY, which is effective when administered as a post-exposure

302  prophylactic in the newborn Balb/c mice model. The conversion of polyclonal antibody

303  products derived from eggs into clinical practice is a daunting challenge. However, ongoing

304  Phase III clinical trials have tested the avian polyclonal IgY against Pseudomonas aeruginosa

305  with the support of the European Medicines Agency. The efficacy of antibodies in the treatment

306  of cystic fibrosis suggests that new methods based on avian antibodies can be used to develop

307  therapies for prevention and treatment. The IgY antibody-based treatments have optimistic

308  research prospects. Compared with other mammalian antibodies, our anti-EBOV IgY antibody

309  has the advantage of greatly improved thermal stability, large quantities lower cost and avoiding
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310  ADE reaction, so it is more suitable for African applications. Ebola epidemic areas are in Africa
311 with high temperatures, lack of electricity, and many places do not have cold chain transport
312  and storage conditions. Current mammalian antibodies have limited clinical application due to
313  poor thermal stability. Because of the excellent thermal stability, our developed anti-EBOV
314 IgY provides a promising strategy to solve the current application problems of Ebola antibody-
315  based treatments in Africa.

316 Materials and Methods

317  Cells and animals

318  293T, Vero and BHK-21 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
319  supplemented with 10% fetal bovine serum and 100 U/mL penicillin-streptomycin (Gibco,
320 GrandIsland, NY, USA) at 37°C in 5% CO,. S9 insect cells were cultured in SF900 serum-

321 free media at 28°C CO,- free incubator.

322  Pregnant Balb/c mice and guinea pigs were purchased from a commercial supplier (Charles
323  River). Laying hens were purchased from Beijing Vital River Laboratory Animal Technology
324  Co., Ltd. All animals were kept in sterile, autoclaved cages and provided sterilized food and

325  water.

326  Generation of Imnmunogens

327  Five EBOV immunogens based on different platforms were prepared as described previously
328  [33-35], with some modification. All immunogens are designed based on EBOV GP of the

329 2014 Ebola Makona epidemic strain. Briefly, EBOV GP gene sequence was inserted an
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330 additional A residue at position 1019 to 1025 results in a frameshift; thus the complete GP can
331 be expressed. Then the gene is optimized for enhanced transgene expression and then produced
332  synthetically. To obtain DNA vaccine, the GP coding sequence was cloned into a mammalian
333  expression plasmid pCAGGS, transgene expression was verified by western blot. Recombinant
334 EBOVGP (rEBOVGP) protein containing a C-terminal His-tag was obtained through using the
335  insect baculovirus expression system. The EBOV GP gene was first cloned into the pFastBac
336  vector, and the constructed plasmid was transformed into E.coli DH10Bac cells to generate a
337  recombinant bacmid. Then Sf9 cells were transfected with recombinant bacmid to generate
338  recombinant baculovirus. After three consecutive passages, the cell culture supernatants were
339  harvested and purified by Ni-NTA affinity chromatography (GE Healthcare, USA). Similar to
340  the preparation of TEBOVGP, to obtain EBOV-VLP, pFastBac Dual vector including EBOV
341 GP and VP40 genes was transformed into DH10Bac, and the resulting bacmid was transfected
342  into S19 cells to generate recombinant baculovirus co-expressing EBOV GP and VP40. Culture
343  supernatants were clarified and then pelleted by ultracentrifugation at 30 000 x g for 1 h at
344  4°C. The pellets were resuspended in PBS and further purified through a 10-50% (w/v)
345  discontinuous sucrose gradient at 25 000 x g for 1.5 h at 4°C. The visible band between 30%
346  and 50% density range was collected and resuspended in PBS. The resulting protein products
347  are EBOV-VLP. A recombinant E1/E3-deleted adenovirus type-5 vector-based EBOV vaccine
348  was created by displacing of adenovirus E1 gene with EBOVGP, forming a recombinant
349  Ad5/EBOVGP genome. The AAS/EBOVGP was rescued by transfecting the genome into 293T

350 cells and further propagated and purified by CsCl density gradient centrifugation. The number

19/28


https://doi.org/10.1101/2020.05.21.108159
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.21.108159; this version posted May 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

351 of virus particles (vp) was determined using optical density (260 nm) measurement. The
352  resulting AAS/EBOVGP cannot replicate inside human tissues. To engineer the recombinant
353  wvesicular stomatitis virus (VSV) expressing EBOVGP, the VSVGP gene in rVSV replicon
354  vector pVSV-XN2 was replaced by EBOVGP to generate pVSV-XN2/EBOVGP. Then the
355  recombinant VSVA G/EBOVGP was recovered using reverse genetics by co-transfecting
356  pVSV-XN2/EBOVGP and pBluescript SK+ (pBS) plasmids expressing the VSV nucleocapsid
357  (N), phosphoprotein (P) and large polymerase subunit (L) into BHK-21 cells. rVSV virions
358  were plaque purified, and virus titers were determined by standard plaque assay using BHK-21

359  cells. All produced EBOV immunogens were verified by western blot.

360 Immunizations

361  Seven groups of 5-month-old laying hens (n =5 per group) were inoculated i.m with
362  immunogens prepared as described above. The detailed scheme is 10° or 10* TCID50 VSVA
363 G/EBOVGP, 100 pg rEBOVGP, 100 pg pCAGGS/EBOVGP, 10 pg EBOV-VLP, 10'' VP
364  Ad5/EBOVGP, or an equivalent volume of PBS as a sham control at weeks 0, 2, 4, 6 (4 times).

365  Eggs were collected at weeks, 0, 2, 4, 6, 8 for ELISA and NAbs test.

366  Purification of yolk IgY antibody

367  IgY was isolated from the egg yolk using the water dilution method, a rapid and simple method
368  was used to separate IgY from the yolk. The separation method is improved based on previous
369  research. Yolks were isolated, removed the yolk membrane, and diluted the contents 1:8 with

370  cold deionized water. Dilution was stirred uniformly, acidified to pH 5.0, keeping stable 10 h
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371 then centrifuged at 10 000 % g for 15 min, and the supernatant was gathered. Further purifying
372  the IgY antibody, slowly add 1% (by volume) of the solution of n-octanoic acid with stirring to
373  the supernatant and centrifuge and filter in the same way. Finally, The IgY was further purified
374 by gel filtration (Superdex 200, GE Healthcare), eluted in PBS (pH 7.2) buffer, and
375  concentrated by ultrafiltration to approximately 20 mg/ml using 100-kDa cut-off membranes

376  (Millipore).

377  SDS-PAGE and Western blot analysis

378  Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
379  determine the purity of IgY. The samples were mixed with reducing sample buffer, heated at
380 98 °C for 10 min. Ten microliters of the sample were loaded into each well to SDS-PAGE (12%
381 gel, staining for 3 h and destaining for 2 h). The pre-stained protein standard (Fermentas,
382  Lithuania) was used as a molecular weight marker. The protein bands were visualized with
383  Coomassie Brilliant Blue R250 (Fluka USA). The gel was analyzed using Bio-Rad image

384  analysis software.

385 Western blot was performed to check the specificity of the prepared immunogens. VSVA
386 G/EBOVGP, rfEBOVGP, EBOV-VLP, Ad5/EBOVGP and cell lysate transfected with
387 pCAGGS/EBOVGP plasmid were separated using SDS-PAGE on 15% polyacrylamide gels.
388  For Western blot analysis, the proteins were electrically transferred onto a polyvinylidene
389  difluoride (PVDF) membrane using a semi-dry blotting apparatus (15V, 40 min, RT), then
390  blocked with Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and 5% non-fat dry

391  milk for 1 h at RT and was incubated overnight at 4 °C with a 1:5000 dilution of mouse anti-
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392 EBOVGPI specific MAD. After washed five times with TBS-T, the membrane was incubated

393  with HRP-conjugated goat anti-rabbit IgG diluted 1:2000 (Promega, Madison, Wisconsin, USA)

394  for 2 h at RT. The membrane was washed 4 times. Then specific binding bands were detected

395 by incubation in substrate buffer containing 4 mg 3,3’ -diaminobenzidine tetrahydrochloride

396  (Aladdin, China) in 5 mL Tris—HCI and 15 pl hydrogen peroxide for 3—5 min. This reaction

397  was stopped by rinsing with distilled water.

398 ELISA

399  EBOVGP-specific ELISA was used to determine endpoint binding antibody titers of immune

400  yolk IgY. Endpoint titers were defined as the reciprocal serum dilution that yielded an OD450 >

401  2-fold over background values. Briefly, 96-well plates were coated with 10 pg/mL rEBOVGP

402  in carbonate-bicarbonate buffer, pH 9.6, at 4°C overnight. The plates were then blocked with

403 5% skim milk in PBS (pH 7.4) at 37°C for 1 h. IgY was added to the top row (1:40), and 2-

404  fold serial dilutions were tested in the remaining rows. The plates were incubated at 37°C for

405 1 h, followed by five washes with PBST. Subsequently, the plates were incubated with 100 pl

406  of HRP-conjugated rabbit anti-chicken IgY working solution at 37°C for 30 min and washed

407  with PBST five times. The assay was developed using 3,3’,5°,5-Tetramethylbenzidine HRP

408  substrate (TMB) with 100 pl each well stopped by the addition of 50 ul of 2 M H,SO, for 10

409  min. Plates were measured at 450nm by a microplate reader using Softmax Pro 6.0 software

410  (Molecular Devices, CA, USA). PBS was used as a blank control. At the same time, a negative

411 control (IgY derived from PBS-immunized hens) was ascertained in each plate. All ELISA

412  measurements were repeated at least three times with each sample in triplicate.
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413  Pseudotyped virus neutralization assay

414  Two pseudoneutralisation (PsN) assays were performed, based on non-replicating VSV
415  pseudotype and lentiviral pseudotype, respectively. EBOV GP pseudotyped lentiviral and VSV
416  virions with a luciferase reporter were produced as previously described [36, 37]. The resulting
417  lentiviral particle can achieve a single-round infection. In brief, Vero cells were plated in 96-
418  well plates and cultured overnight. IgY serial dilutions (1:10, 1:30, 1:90, etc., in DMEM) and
419  pseudoparticles were mixed in a ratio of 1: 9 and incubated at 37 °C for 1 h, before addition to
420  pre-plated target cells in 96-well culture plates (density of 10* cells/well) with 3 replicates. The
421 luciferase activities of infected cells were examined 36 h post-infection. Sample dilutions which
422  showed a 50% reduction in the number of fluorescing cells compared to controls were

423  considered to neutralize antibody titers.

424  Adoptive transfer experiment

425  The yolk was collected and purified two weeks after the final vaccination. Eight groups of
426  newborn BALB/c mice within three days (n=5 per group) were challenged by the s.c. route
427  with 10* TCIDs, VSVAG/EBOVGP, after 2 or 24 h, challenged mice were treated i.p. with 104,
428  10°, or 10° NAU/kg anti-EBOV IgY twice daily for 3 days, respectively. Clinical symptoms,

429  bodyweight change rate and survival rate were monitored within 15 days.

430 Metabolic studies in guinea pigs

431  Two Groups of guinea pigs ( n=5 per group) were administrated s.c. with 10° or 10° NAU/kg
432  purified anti-EBOV IgY. Sera were collected daily within 6 days for NAbs determination.
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