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Abstract
Perfusion of convalescent plasma (CP) has demonstrated a potential to improve the pneumonia
induced by SARS-CoV-2, but procurement and standardization of CP are barriers to its wide
usage. Heterologous polyclonal antibodies of animal origin have been used to fight against
infectious agents and are a possible alternative to the use of CP in SARS-CoV-2 disease.
However, heterologous polyclonal antibodies trigger human natural xenogeneic antibody
responses particularly directed against animal-type carbohydrate epitopes, mainly the Nglycolyl form of the neuraminic acid (Neu5Gc) and the Gal alpha1,3-galactose (a-Gal),
ultimately forming immune complexes and potentially leading to serum sickness or allergy. To
circumvent these drawbacks, we engineered animals lacking the cytidine monophosphate-Nacetylneuraminic acid hydroxylase (CMAH) and alpha1,3-galactosyltransferase (GGTA1)
enzymes to produce glyco-humanized polyclonal antibodies (GH-pAb) lacking Neu5Gc and aGal epitopes. We also found that these IgG Fc domains fail to interact with human Fc receptors
and thereby should confer the safety advantage to avoiding macrophage dependent exacerbated
inflammatory responses or elicit antibody-dependent enhancement (ADE), two drawbacks
possibly associated with antibody responses against SARS-CoV-2. Therefore, we immunized
CMAH/GGTA1 double knockout (DKO) pigs with the SARS-CoV-2 spike receptor binding
domain (RBD) domain to elicit neutralizing antibodies. Animals rapidly developed
hyperimmune sera with end-titers binding dilutions over one to a million and end-titers
neutralizing dilutions of 1:10,000. The IgG fraction purified and formulated following clinical
Good Manufacturing Practices, named XAV-19, neutralized Spike/ACE-2 interaction at a
concentration < 1microgram/mL and inhibited infection of human cells by SARS-CoV-2 in
cytopathic assays. These data and the accumulating safety advantages of using glycohumanized swine antibodies in humans warrant clinical assessment of XAV-19 to fight against
COVID-19.
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Introduction
Prevention and therapeutic strategies to fight against SARS-CoV-2 comprise vaccination with
plasmid DNA, stabilized messenger RNA, recombinant virus proteins or attenuated virus, and
the use of antiviral molecules. The anti SARS-Cov-2 antibody passive administration may
complement vaccination by providing an immediate humoral immunity to susceptible persons.
Passive immunization with immunoglobulins from convalescent patients is an appealing
approach that could be rapidly available provided enough people who have recovered can
donate antibody-containing serum. Experience from prior outbreaks with other coronaviruses,
such as SARS-CoV, shows that passive immunization with convalescent plasma does control
viremia and confers clinical benefit 1. Passive antibody therapy has been invented in the 19th
century when it was the only means of treating certain infectious diseases prior to the
development of antibiotics 2. Interestingly, passive immunotherapy with heterologous animal
sera had been concomitantly used for treating solid tumors and clinical responses have also
been reported 3. Today, several passive heterologous immunotherapy products including
polyclonal and monoclonal antibodies against infectious agents are on the market and have
demonstrated robustness and efficacy to fight against bacterial infections, including tetanus,
botulism, diphtheria, or viral infections such as hepatitis A and B, varicella 4, rabies 5. Others
are in development 6,7. The anticipated mechanism of action by which antibodies would mediate
protection against viruses is neutralization, i.e. inhibition of viral particles interaction with their
cognate receptor and, thereby, entry into human cells. However, other anti-viral mechanisms
involving antibodies may be possible, such as antibody-dependent cellular cytotoxicity and/or
phagocytosis. In the context of enveloped viruses, such as coronaviruses, direct complementmediated lysis might also participate in viral particles elimination since expression by viral
particles of complement-regulatory proteins belong to the viral-mediated immune escape
mechanisms 8.
Whereas polyclonal antibodies can present potent neutralizing effect on receptor binding and
direct lysis properties against viral particles 8, administration of heterologous animal-derived
immunoglobulins may elicit serious adverse effects in humans such as serum sickness disease
(SSD) almost always present in immunocompetent host

9

and may provide “xenosialitis”, a

systemic inflammation associated with cardiovascular diseases and cancer in animal models
10,11,12

.

The description of serum sickness more than a century ago in humans perfused with animal
sera 13 eventually led to the identification of a class of human antibodies directed against glycans
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bearing the common mammalian sialic acid N-Glycolylneuraminic acid (Neu5Gc)

14,15

.

Humans are with few exceptions the only known mammals presenting a biased terminal
sialylation of glycoproteins and glycolipids. They lack Neu5Gc on proteins or lipids, due to a
human-lineage specific genetic mutation in the enzyme cytidine monophosphate-Nacetylneuraminic acid hydroxylase (CMAH). A direct consequence is that Neu5Gc epitopes are
excluded from « self-tolerance » and natural anti-Neu5Gc antibodies are present and new
antibodies can be easily elicited following infusion of Neu5Gc-positive proteins of animal
origin, including therapeutic immunoglobulins. Humans also lack the α1,3-galactosyltransferase enzyme (GGTA1), are not tolerant to α1,3 galactose epitopes, present various levels
of natural anti-a1,3Gal antibodies and increase their level of anti-a1,3Gal antibodies after
infusion of animal-derived products

16

. Rabbit anti-lymphocyte serum treatment in diabetic

patients, for example, resulted in highly significant increases of both anti-Gal and anti-Neu5Gc
IgM and IgG antibodies, peaking at 1 month and still detectable one-year post infusion, that
were responsible for the induction of SSD and immune complexes disease in almost all
patients17.
Initially developed for xenotransplantation purposes, pigs have been genetically engineered to
knock out the CMAH and GGT1 enzymes. Immunoglobulins from these animals are devoid of
Neu5Gc and α1,3-Gal carbohydrate epitopes and may not elicit SSD and possible deleterious
antibodies when administered in human. The limited clinical experience gained so far with such
glyco-humanized swine polyclonals, lacking both Neu5Gc and αGal sugar moieties, used to
confer immunosuppression in kidney transplant recipients confirms their good tolerance and
efficacy (NCT 04431219).
Another feature of such swine glyco-humanized polyclonals revealed here is their inability to
bind human FcR (CD16, CD32, CD64) which should protect recipients from ADE, a process
by which several viruses (among which dengue, zika, SARS-CoV) have an increased capacity
to enter into cells expressing FcR (mainly macrophages) in the presence of virus-specific
antibodies or cross-reactive antibodies 18,19. Failure to bind human FcR should also limit FcR
-dependent recruitment/activation of macrophages described to contribute in skewing
inflammation-resolving response during SARS-CoV infection

20

. Here, we described the

immunization of CMAH/GGTA1 DKO pigs with a recombinant RBD domain from SARSCoV-2 spike protein and the development of XAV-19, a drug candidate manufactured from
hyperimmune serum presenting higher therapeutic index than convalescent plasma.
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Methods
Animals, reagents
Pigs double knocked out for GGTA1 and CMAH genes 21 were obtained by cloning procedures
described in Lagutina et al 2006 22. All procedures involving the use of animals in this study
were carried out in accordance with the Italian Law (D.Lgs 26/2014) and EU directive
2010/63/EU regulating animal experimentation after authorization by relevant authorities
(Italy, project n 959/2017‐PR; Belgium 2010/63/EU and AR 29/05/2013). The invalidating
mutations in genes CMAH and GGTA1 were confirmed by direct amplification and sequencing
of the gene sequences at animal facility, to ensure the stability of the genetic background. The
phenotype has been checked by mass spectrometry to confirm the absence of αGal and Neu5Gc
residues on gamma immunoglobulins. Recombinant proteins from SARS-CoV-2 have been
purchased from Interchim, Monluçon, France.

LC-MS analysis of glycosylation
Measurement of N-glycan Neu5Gc and α-1-3-galactose on DKO and WT porcine IgGs has
been performed by deglycosylation, N-glycan procainamide labeling protocol and treatment
with αgalactosidase, were as previously described 23.

Analysis of human anti-pig IgG reactivity
Pig WT IgG, IgG from GGTA1 KO, IgG from CMAH/GGTA1 DKO pigs or rabbit IgG (WT)
have been coated on Maxisorp™ (NUNC) ELISA plates at 10 µg/mL overnight at 4°C in
carbonate buffer pH 9.5. After washing with PBS-Tween 20 (0.05%), free binding sites were
blocked with 1% chicken egg albumin. Anonymously coded human serum samples from
healthy volunteers (from the Etablissement Français du Sang, Nantes, France) were incubated
at a 1:100 dilution, for 2h at 37°C. After washing, bound IgG molecules were revealed with
peroxidase conjugated goat anti-human IgG antibodies (Jackson ImmunoResearch, 1/10 000 in
1% chicken egg albumin) and TMB reagent. Optical density was read at 450 nm.

Complement-mediated cytotoxicity
Rabbit anti-T cells globulins (Thymoglobulin®) and glyco-humanized pig anti-T cell globulins
were differentially diluted in non-immune IgG solutions to obtain preparations presenting
similar binding titers to human T cells. Then, serial dilutions were added to 250 000 human
PBMCs at 4°C for 30 minutes. After washing, human serum used as a source of complement
4
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diluted 3 times in cold RPMI medium was added, on ice, on each well. Reaction was then
initiated by placing tubes at 37°C, and maintained for 30 min. After this step, the pellets were
placed on ice and resuspended with propidium iodide, which is a viability marker of cells and
the cytotoxic activity of antibodies was determined by flow cytometry, after gating on
lymphocytes, based on their morphology.

Binding to RFcg
The binding of IgG from DKO swine to FcγRI, FcγRIIa and FcγRIIb receptor was tested using
an ELISA assay and BIAcore surface plasmon resonance (SPR). IgG from different species
were purified by protein A affinity and coated on Maxisorp™ ELISA plates overnight at 4°C
(100µL/well, 20µg/mL in carbonate buffer pH 9.5). After washing with PBS-Tween 20 0.05%,
free binding sites were saturated with 2% bovine serum albumin. His-Tagged FcRI, FcγRIIa
and FcγRIIb receptors (CD64/32a/32b, R&D Systems; 100µL, 2.4 µg/mL in 2% bovine serum
albumin) were then added and incubated for 2h at room temperature. After washing, bound
FcR molecules were revealed with peroxidase conjugated anti-tag antibody (Miltenyi, 120003-811; 1/5000 in 2% bovine serum albumin) and tetramethylbenzidine (TMB) reagent.
Optical density was read at 450 nm and 630 nm. Specific optical density is the value read at
450 nm minus that read at 630 nm. The binding of pig and rabbit (Thymoglobulin®, Sanofi)
IgG to human FcγRIIIa (CD16a, R&D Systems, 4325-FC) receptor was also measured by SPR.
IgG were immobilized on a CM5 sensor chip by amine coupling to a level of 2000RU. Free
reactive sites were then inactivated with ethanolamine 1M pH 8.5. Different concentrations
(5µM, 2.5µM, 1.25µM, 0.625µM, 0.312µM, 0.156µM) of human FcγRIIIa were injected on
the chip, with association time intervals of 180s and dissociation time of 600s. Regeneration
between cycles were performed by 100mM NaOH treatment for 45s.

Anti-SARS-CoV-2 binding ELISA
The target antigen (SARS-CoV-2 Spike RBD protein, Interchim) was immobilized on
Maxisorp plates at 1µg/mL in carbonate/bicarbonate buffer at 4°C overnight). After washing,
saturation was performed with PBS-Tween-BSA for 2h at room temperature. Samples were
diluted into PBS-Tween and added into the plate in duplicate, incubated 2h at RT and washed
3 times. Bound pig IgG were revealed with a secondary anti-mouse-HRP-conjugated antibody
(Sigma-Aldrich, L’Isle d’Abeau, France) diluted in washing buffer, at 1:1000, incubated 1h at
RT and washed 3 times. TMB reagent was added in the plate, incubated up to 20 minutes in the
dark and stopped with H2SO4. Reading was performed at 450nm.
5

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

Inhibition of Spike/ACE-2 interaction
An assay was developed to assess the properties of swine antibodies to inhibit binding of a
recombinant SARS-CoV-2 spike S1 molecule to immobilized recombinant ACE-2 molecules.
The target antigen (human ACE-2, Interchim) was immobilized on Maxisorp plates at 1 µg/mL
in carbonate/bicarbonate buffer at 4°C overnight). The plates were washed in PBS-Tween0.05% and saturated with PBS-Tween-0.05%-2% skimmed milk for 2h at room temperature
(RT). Ligand Spike S1-hFc tag (Interchim) at 125 ng/mL in PBS-Tween-0.05%-1% skimmed
milk was then added into another plate in duplicate, and pre-incubated 30min at RT in the
presence of test samples diluted in PBS-Tween-0.05%-1% skimmed milk powder (range
between 50 and 0.39 µg/mL). Then the mixture was added to the plate for a 2h incubation at
RT. The human Fc tag was then revealed with a specific HRP-conjugated anti-human IgG
secondary antibody (diluted in in PBS-Tween-0.05%-1% skimmed milk powder at 1:1000 ,
incubated 1h at RT and washed 3 times). TMB reagent was added into the plate, incubated up
to 30 minutes in the dark and stopped with H2SO4. The plate was read at 450 nm.

Plaque Reduction Neutralization Testing (PRNT)
The plaque-reduction neutralization test (PRNT) was performed in duplicate using 24-well
tissue culture plates (TPP Techno Plastic Products AG, Trasadingen, Switzerland) in a biosafety
level 3 facility. Swine serum dilutions were mixed with equal volumes of SARS-CoV-2
(BetaCoV/Hong Kong/VM20001061/2020 [KH1]) or SARS-CoV (strain HK39849, SCoV) at
a dose of 200 plaque-forming units determined by Vero E6 cells. Briefly, after 1 hour of
incubation at 37°C, the virus-serum mixture was added to Vero E6 cell monolayers in 24-well
tissue culture plates. After 1 hour of adsorption, the virus-serum mixture was removed, and
plates were overlaid with 1% agarose with cell culture medium. Plates were then incubated for
3 days at 37°C in 5% CO2 in a humidified incubator before fixation with 4% paraformaldehyde
and staining crystal violet solution. The highest plasma dilution that resulted in 90% reduction
of plaque numbers was denoted as PRNT90. A virus back-titration of the input virus was
included in each batch of tests.

Cytopathogenic Effect (CPE) assay
To further analyze the neutralization potency and to confirm data with another independent
virus strain, a Cytopathogenic Effect (CPE) assay was carried out at VibioSphen, Toulouse,
6
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France. The purpose this study was to assess the ability of the serum pool, XAV-19 R&D and
XAV-19 batch BMG170-B01 to inhibit entry and cytopathic impact of SARS-CoV-2 on
sensitive cells (Vero E6 Cells). All experimental protocols involving live SARS-CoV-2
followed the approved standard operating procedures of the Biosafety Level 3 facility. SARSCoV-2 was isolated from a patient with laboratory-confirmed COVID-19 at VibioSphen. The
viral isolate was amplified by one additional passage in VeroE6 cells to make working stocks
of the virus. Vero E6 Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10%v/v fetal bovine serum, 1%v/v penicillin-streptomycin supplemented
with 1%v/v sodium pyruvate at 1x 105 cells per well in 12-well tissue culture plates. At 100%
confluence (2 days post-seeding), the cells were washed twice with PBS and six serial dilutions
of the virus (1/10 each time) will added to the cells. Following infection with 0.3 ml per well
of each dilution, plates were incubated at 37°C for 1 h, and the cells were washed with PBS
before the addition of 2% w/v agar containing 1 μg/mL-5 tosyl phenylalanyl chloromethyl
ketone-trypsin (Sigma-Aldrich,) to the cell surface. Plates were left at room temperature for 20–
30 min to allow for the overlay to set, and were then incubated at 37°C for 72 h. Cells were
fixed with 4% v/v paraformaldehyde before both the fixative and agar will be removed and the
cells stained with 0.1%w/v Crystal Violet (Fisher) in 20%v/v ethanol. Plaque titers were
determined as plaque forming units per mL.

CPE reduction assay was performed as follows: Vero E6 cells were seeded in 96-well clusters
at a density of 5000 cells/well 2 day before infection. Two‐fold serial dilutions, starting from
200 or 250 μg/mL or from a 1/25 dilution of the serum were then mixed with an equal volume
of viral solution containing 100 TCID50 of SARS‐CoV‐2. The serum‐virus mixture was
incubated for 1 hour at 37°C in a humidified atmosphere with 5% CO2. After incubation, 100
μL of the mixture at each dilution was added in triplicate to a cell plate containing a semi‐
confluent VERO E6 monolayer. The plates were then incubated for 3 days at 37°C in a
humidified atmosphere with 5% CO2. Cell controls were infected with SARS-CoV-2 at a
multiplicity of infection of 0.01. The incubation period was 72h. Uninfected cells were included
as controls to exclude potential cytotoxic/cytostatic effects of the compound treatment. All
samples were tested in duplicate.

7

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

Statistical analysis
Continuous variables are expressed as mean ± SEM, unless otherwise indicated, and compared
with the nonparametric Mann-Whitney two-sided test or Kruskal–Wallis tests with Dunn’s ad
hoc pairwise comparisons for more than two groups. P values of <0.05 were considered to be
statistically significant. All statistical analyses were performed on GraphPad Software
(GraphPad Software, San Diego, CA).
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Results
Absence of αGal and Neu5Gc carbohydrate on immunoglobulins from CMAH/GGTA1
double knockout swine selected to elicit an immune response against SARS-CoV-2 spike
RBD domain
We have already shown that IgG from CMAH and GGTA1 DKO pigs were deprived of
Neu5GC and Galα1,3-Gal carbohydrates 24. To confirm absence of these carbohydrates on IgG
from animals immunized with the SARS-CoV-2 spike RBD domain to produce the clinical
batch of anti-CoV IgG, N-glycan profiling of was carried out as previously described

25,24,21

,

and compared with wild-type pig IgG. The absence of N-glycan structure exhibiting Neu5Gc
was clearly confirmed according to two independent methods: N-glycan profiling by
ultraperformance liquid chromatography and ESI-MS detection (UPLC-FLD/ESI MS) after
enzymatic deglycosylation by PNGase F, and quantitative analysis of sialic acid by HPLC after
DMB labeling. Instead, the human-type acetylated form of neuraminic acid Neu5Ac was
observed (Figure 1). Limited by the sensitivity of the method, no N-glycan with αGal moieties
was observed and detected on glyco-humanized pig IgG (data not shown).
Reduced recognition of glyco-humanized swine IgG by human natural antibodies
Formation of immune complexes between pre-existing or elicited anti-Neu5Gc antibodies and
therapeutic immunoglobulins of animal origin has been identified as a major trigger of serum
sickness after serotherapy

14,15,26,17,27

. To explore the actual impact of removal of αGal and

Neu5Gc epitopes on recognition of swine IgG by pre-existing human natural antibodies, human
serums from healthy volunteers were assessed in a binding assay against wild-type or glycohumanized swine IgG, or against rabbit IgG used as a comparator. The data revealed an overall
lower reactivity of human natural antibodies against pig IgG than against rabbit IgG. Reactivity
against glyco-humanized swine IgG was considerably reduced compared with reactivity against
wild-type IgG (p<0.001). Interestingly, this difference was due to the lack of Neu5Gc and not
αGal, since recognition of IgG from WT or GGTA1 single KO animals was similar (Figure 2),
fitting to the previously reported 24 low αGal loading of pig IgG on mass spectrometry pattern.
The importance of the two terminal sugar epitopes in elicited responses against foreign IgG has
been also well documented elsewhere 17,26,27.
IgG from CMAH/GGTA1 DKO pigs show high complement activation capacity but no
binding to human FcR
We observed that the IgG fraction of CMAH/GGTA1 DKO pigs after immunization presented
an

overall

higher

complement-activating

capacity

when

compared

with

rabbit
9
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immunoglobulins. This could be evidenced by immunizing CMAH/GGTA1 DKO pigs with
human T cells and assessing complement-mediated cytotoxicity (CDC) of the IgG fraction, in
comparison with a rabbit IgG anti-T cell immunoglobulin (Thymoglobulin®). We used adjusted
concentration of pig and rabbit IgG preparations to obtain identical binding intensity to target
cells by flow cytometry (Figure 3A). The data showed a CDC activity of Neu5Gc/αGalnegative pig IgG higher than with rabbit IgG (Figure 3B). To further investigate whether
Neu5CG/αGal-negative pig IgG inherently activate more complement than rabbit IgG,
independently of their antigen target recognition capacities, we directly assessed complement
component 1q (C1q) binding intensity to immobilized IgG. This experiment confirmed higher
recruitment of complement C1q by Neu5Gc/αGal-negative pig IgG than by rabbit IgG
(Supplementary Figure 1A, B). To understand whether this high complement-activation activity
was a consequence of the altered glycosylation of

Neu5Gc/αGal-negative pig IgG

(glycosylation being required for efﬁcient C1 activation 28), we also compared C1q binding to
immobilized WT and Neu5Gc/αGal-negative pig IgG. The data revealed similar C1q
recruitment (Supplementary Figure 1C, D), suggesting absence of intrinsic difference due to
conversion of Neu5Gc to Neu5Ac type of N-glycosylation.

In parallel, using the DKO pig-derived IgG preparations against human T cells, we noticed
absence of antibody-dependent cell-mediated cytotoxicity (ADCC) using human effector cells,
when compared with rabbit IgG directed against the same target cells (Supplementary Figure
2). This led us to investigate interaction between DKO pig IgG and human FcγR (CD16 CD32
and CD64). Surface plasmon resonance and ELISA experiments revealed absence of interaction
of pig IgG, either DKO or wild-type, with human CD16, CD32 or CD64, whereas binding of
IgG from rabbit, cow, horse, donkey, goat and human all presented reactivity against at least
one Fc receptor (Table 1 and Supplementary Figure 3).
Anti-SARS-CoV-2 hyperimmune serum titers
CMAH/GGTA1 KO pigs were immunized by intramuscular (IM) administrations of SARS-

CoV-2 RBD spike antigens in mineral adjuvant. The RBD domain was selected based on recent
demonstration that it is instrumental in the binding of the spike protein to ACE-2

29

and that

antibodies to RBD consequently inhibit SARS-CoV-2 entry into ACE-2-positive cells

30,31

.

Immune serum presented rapidly end binding titers above 1:40,000 (Figure 4A). After several
immunizations, end titers in individual animals ranged between 1:100,000 and >1:106 (Figure
4B). IgG extracted from sera by Protein A chromatography presented an initial EC50 in ELISA
10
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of 2.5 µg/ml after two immunization and below 1 µg/mL after 3 or more immunizations (Figure
4C, D).

Inhibition of Spike/ACE-2 interaction
Anti-SARS-CoV-2 hyperimmune sera were also tested in a spike/ACE-2 binding competition
assay. Hyperimmune sera demonstrated an inhibitory capacity with an end titer of 1:4000 soon
after immunization (Figure 5A) and IgG extracted from sera by Protein A chromatography
presented an IC50 of 2.5 µg/ml (Figure 5B). After a few repeated immunizations, serum
presented inhibitory capacities at much higher dilutions and IgG from these sera could be
diluted down to < 0.01 µg/ml (Figure 5C, D).

Neutralization of SARS-CoV-2 by glyco-humanized swine IgG
The neutralizing effect of the hyperimmune serum and IgG fractions against live SARS-CoV2 virus was determined by CPE reduction assay. CPE100 (maximal dilution to reach 100% of
neutralization) with pooled hyperimmune sera used to prepare therapeutic IgG reached 1:1600
and the concentration of the IgG preparation required to reach CPE100 ranged between 15 and
25 µg/mL for the first samples.
The neutralizing effect of the hyperimmune serum was also determined by plaque reduction
neutralization test (PRNT) using another SARS-CoV-2 strain, as previously described

32

.

Serum samples collected from three immunized pigs showed PRNT90 at 1:160, 1:80 and >1:320
against SARS-CoV-2, the serum collected from the pig displaying the highest titer by PNRT90
(>1:320) also cross-neutralized SARS-CoV at PRNT90 1:20. The first pool of serum obtained
after repeated immunizations, from which IgG have been extracted to prepare the initial clinical
batch of neutralizing immunoglobulins, presented a PNRT90 titer of >1:320 and crossneutralized SARS-CoV at PRNT90 1:80 (Table 2).

11
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Discussion
The ongoing COVID-19 pandemic requires prompt availability of prophylactic and therapeutic
interventions. Preliminary data on transfer of convalescent plasma (CP) from COVID-19
recovering patients to critically ill patients demonstrated efficacy to dampen viral titers and to
rapidly improve clinical symptoms. The effect has been attributed to the presence of
neutralizing antibodies against the virus spike RBD domain, since antibodies uniquely directed
against RBD do protect mice in preclinical studies

33

. Yet CP show highly variable

neutralization half-titers of anti-SARS-CoV-2 antibodies, ranging from less than 1:50 in a third
of patients, between 1:50 and 1:1,000 in the majority of them, with only rare patients showing
titers above 1:5,000 34.
In the past clinical experience with CP from SARS-convalescent patients in 2003 (80 patients),
the average CP volume was 279 mL and the neutralizing titer was 1:160 35. Today, in critically
ill patients with COVID-19, Duan et al 36 reported using one dose of 200ml of CP presenting a
neutralizing titer above 1:160. Shen et al 37 reported efficacy after two consecutive transfusions
with 200 mL of CP with end point dilution titers greater than 1:40, corresponding to SARSCoV-2–specific antibody (IgG) binding titer greater than 1:1000. In this report, the ratio
between binding and neutralization titers is therefore of 25-fold on average. Recent guidelines
from the European Commission on use of CP revised the desired neutralizing CP titers and
suggested that “neutralizing antibody titers should optimally be greater than 1:320, but lower
thresholds might also be effective” (https://ec.europa.eu/health/blood_tissues_organs/covid19_en). Thus, altogether, estimating that transfusion of 200 ml CP corresponds to the
administration of approximately 25 mg/kg IgG (considering that plasma contains 10 mg/mL
IgG and considering 80 kg as an average patient’s weight), available data suggest that 25 mg/kg
of an IgG preparation with a neutralizing titer of at least 1:40 meets the clinically required
efficacy.

A few weeks after immunization of CMAH/GGTA1 KO pigs with SARS-CoV-2 RBD proteins,
binding and neutralization serum antibody titers rapidly reached 1:100,000 and 1:4,000 (end
titer dilutions in the ELISA neutralization assay), respectively, corresponding to the same 25fold ratio described in humans. The neutralization titer in a cytopathogenic effect assay was of
1:1600 but corresponds to the dilution required to reach 100% inhibition. The neutralizing
capacity was confirmed in a PNRT90 assay with another, independent SARS-Cov-2 strain
(showing PNRT90 > 1:320). This neutralizing titer is at least 40-fold higher (depending on the
assay being considered) as compared to COVID-19 CP presenting a clinical interest according
12
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to the literature, and at least 12.5-fold higher than recommended by the European Commission.
IgG purified from pig hyperimmune serum could have therefore the potential to be used
successfully at doses 12.5 to 40-fold lower than CP, i.e. at doses starting at 0.6 mg/kg.
Glyco-humanization refers to removal of the α1,3-Gal epitopes and conversion of animal-type
Neu5Gc/Ac forms of sialic acid into human single type Neu5Ac. The procedure has been
initially developed to circumvent problems related to the occurrence of high titers of anti-αGal
and anti-Neu5Gc antibodies following administration of anti-T lymphocytes rabbit
immunoglobulins, which

is potentially causing allergies

38

, serum sickness

“xenosialitis”, a systemic inflammation associated with cardiovascular events

10,11

26

and

. Although

our experiments do not directly address the clinical importance of avoiding anti-αGal/Neu5Gc
antibody responses, we provide for the first time data showing that “natural” anti-pig antibodies
found in human serum are essentially directed against Neu5Gc and that reactivity against rabbit
IgG is higher than against pig IgG (Figure 2). These data are of importance in a context where
hyperimmune pig immunoglobulins are being used therapeutically to treat aplastic anemia 38,39
and are being developed as an anti-lymphocyte induction treatment in kidney transplantation
(NCT 04431219). Glyco-humanized pig immunoglobulins would potentially present, therefore,
a safety advantage over rabbit polyclonal antibodies or over immunoglobulins from other
species currently in clinical use, such as bovine, horse and goat. Another potential advantage
of using glyco-humanized antibodies from pigs is related to its unique mechanism of action in
humans. Because these modified pig IgG fail to interact with human Fc receptors and to recruit
human effectors (Table 1 and Supplementary Figure 2 and 3), likely due to divergent molecular
evolution, they are not susceptible to promote ill-effects associated with IgG Fc/ FcR
interactions. One such interaction demonstrated with diverse viral families, including
Coronaviridae is ADE 40,41,42. Recently, ADE in COVID-19 has emerged as one hypothesis to
explain severe clinical manifestations. However, the importance of ADE phenomenon, whereby
a previous immune response could render an individual more susceptible to a reinfection,
remains undetermined

43

. Another potential unwanted outcome associated with anti-SARS-

CoV-2 antibodies is severe acute lung injury mediated by IgG Fc-dependent macrophage
recruitment in productively infected lungs, thereby skewing inflammation-resolving response
20

. This risk of additional local inflammation should not be carried by pig IgG. Although unable

to elicit ADCC, pig IgG are nevertheless endowed with a preserved and even high complementactivation capacity. As enveloped viruses might be sensitive to direct complement-mediated

13
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lysis, administration of anti-SARS-CoV-2 pig antibodies might therefore lead to viral
neutralization without targeting viral particles to inflammatory cells.

Our first attempt to use glyco-humanized pig IgG against an emergent infectious disease was
in an in vivo EBOLA virus model

44

. Despite low levels of neutralizing antibodies had been

obtained, we reported significant effect on the viral load and on animal survival.

We have provided proof-of-concept that pig hyperimmune glyco-humanized IgG against
SARS-CoV-2 may be of clinical benefit and, in addition, that foreseen therapeutic doses will
show efficacy at neutralizing virus without evoking immune complexes and serum sickness
associated with the production of anti-Neu5Gc antibodies. Data from previous experiments
with CP transfer and from preclinical investigations in mice and primates

33,45

show that

antibodies against RBD can indeed provide an immediate clinical benefit. Altogether, this
information warrants clinical evaluation of the administration of pig glyco-humanized IgG in
COVID-19 patients. Owing to the high antibody titers produced by CMAH/GGTA1 KO
animals in a short period of time and to the significantly shorter, cheaper and easier
pharmaceutical development of polyclonal antibodies as compared to mAbs or mAb cocktails
46

, glyco-humanized anti-SARS-CoV-2 pig immunoglobulins might be among the first

treatments specific to COVID-19 reaching the clinic.

14

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

Key words
polyclonal antibodies, pig, Covid-19, SARS-CoV-2, Spike, neutralization, Fc Receptors,
Neu5Gc, Gal α1,3-Gal

Authorship
Conceived the study: OD, BV, JPS, EC.
Designed and supervised some experiments: OD, BV, CM, RB, RTS, JMB, NG, MP, JPS
Performed the experiments: JR, GE, PJR, RD, CG, PD, ML, CM
Analyzed data: BV, JR, EL, JPS

Acknowledgments
This work was supported by Xenothera and by grants from the Société d’Accélération et
Transfert de Technologie Ouest Valorisation, French Region Pays de la Loire and Bpifrance.

Competing Interests
The authors of this manuscript have conflicts of interest to disclose: JR, PJR, CC, GE, EL, BV
are employees of Xenothera, a company developing glycol-humanized polyclonal antibodies as
those described in this manuscript and JPS, JMB, CG are cofounders of Xenothera.

15

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

References
1
2
3

4

5

6

7
8

9

10

11

12

13

14

15

16

Zhang, J. S. et al. A serological survey on neutralizing antibody titer of SARS
convalescent sera. J Med Virol 77, 147-150, doi:10.1002/jmv.20431 (2005).
Casadevall, A., Dadachova, E. & Pirofski, L. A. Passive antibody therapy for infectious
diseases. Nat Rev Microbiol 2, 695-703, doi:10.1038/nrmicro974 (2004).
Lahaie, Y. M. & Watier, H. Contribution of physiologists to the identification of the
humoral component of immunity in the 19th century. MAbs 9, 774-780,
doi:10.1080/19420862.2017.1325051 (2017).
Hsu, J. L. & Safdar, N. Polyclonal immunoglobulins and hyperimmune globulins in
prevention and management of infectious diseases. Infect Dis Clin North Am 25, 773788, doi:10.1016/j.idc.2011.07.005 (2011).
Dixit, R., Herz, J., Dalton, R. & Booy, R. Benefits of using heterologous polyclonal
antibodies and potential applications to new and undertreated infectious pathogens.
Vaccine 34, 1152-1161, doi:10.1016/j.vaccine.2016.01.016 (2016).
Bornholdt, Z. A. et al. A Two-Antibody Pan-Ebolavirus Cocktail Confers Broad
Therapeutic Protection in Ferrets and Nonhuman Primates. Cell Host Microbe 25, 4958 e45, doi:10.1016/j.chom.2018.12.005 (2019).
Wang, C. et al. A human monoclonal antibody blocking SARS-CoV-2 infection. Nat
Commun 11, 2251, doi:10.1038/s41467-020-16256-y (2020).
Li, Y., Johnson, J. B. & Parks, G. D. Parainfluenza virus 5 upregulates CD55 expression
to produce virions with enhanced resistance to complement-mediated neutralization.
Virology 497, 305-313, doi:10.1016/j.virol.2016.07.030 (2016).
Gitelman, S. E. et al. Antithymocyte globulin treatment for patients with recent-onset
type 1 diabetes: 12-month results of a randomised, placebo-controlled, phase 2 trial.
Lancet Diabetes Endocrinol 1, 306-316, doi:10.1016/S2213-8587(13)70065-2 (2013).
Kawanishi, K. et al. Human species-specific loss of CMP-N-acetylneuraminic acid
hydroxylase enhances atherosclerosis via intrinsic and extrinsic mechanisms. Proc Natl
Acad Sci U S A 116, 16036-16045, doi:10.1073/pnas.1902902116 (2019).
Dhar, C., Sasmal, A. & Varki, A. From "Serum Sickness" to "Xenosialitis": Past,
Present, and Future Significance of the Non-human Sialic Acid Neu5Gc. Front Immunol
10, 807, doi:10.3389/fimmu.2019.00807 (2019).
Tector, A. J., Mosser, M., Tector, M. & Bach, J. M. The Possible Role of Anti-Neu5Gc
as an Obstacle in Xenotransplantation. Front Immunol 11, 622,
doi:10.3389/fimmu.2020.00622 (2020).
Kasukawa, R., Kano, K., Bloom, M. L. & Milgrom, F. Heterophile antibodies in
pathologic human sera resembling antibodies stimulated by foreign species sera. Clin
Exp Immunol 25, 122-132 (1976).
Higashi, H., Naiki, M., Matuo, S. & Okouchi, K. Antigen of "serum sickness" type of
heterophile antibodies in human sera: indentification as gangliosides with Nglycolylneuraminic acid. Biochem Biophys Res Commun 79, 388-395,
doi:10.1016/0006-291x(77)90169-3 (1977).
Merrick, J. M., Zadarlik, K. & Milgrom, F. Characterization of the HanganutziuDeicher (serum-sickness) antigen as gangliosides containing n-glycolylneuraminic acid.
Int Arch Allergy Appl Immunol 57, 477-480, doi:10.1159/000232140 (1978).
Berg, E. A., Platts-Mills, T. A. & Commins, S. P. Drug allergens and food--the
cetuximab and galactose-alpha-1,3-galactose story. Ann Allergy Asthma Immunol 112,
97-101, doi:10.1016/j.anai.2013.11.014 (2014).

16

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

17

18

19

20

21

22

23

24

25

26

27

28
29
30

31
32

33
34

Salama, A. et al. Anti-Gal and Anti-Neu5Gc Responses in Nonimmunosuppressed
Patients After Treatment With Rabbit Antithymocyte Polyclonal IgGs. Transplantation
101, 2501-2507, doi:10.1097/TP.0000000000001686 (2017).
Jaume, M. et al. Anti-severe acute respiratory syndrome coronavirus spike antibodies
trigger infection of human immune cells via a pH- and cysteine protease-independent
FcgammaR pathway. J Virol 85, 10582-10597, doi:10.1128/JVI.00671-11 (2011).
Ulrich, H., Pillat, M. M. & Tarnok, A. Dengue Fever, COVID-19 (SARS-CoV-2), and
Antibody-Dependent Enhancement (ADE): A Perspective. Cytometry A,
doi:10.1002/cyto.a.24047 (2020).
Liu, L. et al. Anti-spike IgG causes severe acute lung injury by skewing macrophage
responses
during
acute
SARS-CoV
infection.
JCI
Insight
4,
doi:10.1172/jci.insight.123158 (2019).
Salama, A. et al. Neu5Gc and alpha1-3 GAL Xenoantigen Knockout Does Not Affect
Glycemia Homeostasis and Insulin Secretion in Pigs. Diabetes 66, 987-993,
doi:10.2337/db16-1060 (2017).
Lagutina, I., Lazzari, G. & Galli, C. Birth of cloned pigs from zona-free nuclear transfer
blastocysts developed in vitro before transfer. Cloning Stem Cells 8, 283-293,
doi:10.1089/clo.2006.8.283 (2006).
Komatsu, E. et al. Characterization of immunoglobulins through analysis of Nglycopeptides
by
MALDI-TOF
MS.
Methods
104,
170-181,
doi:10.1016/j.ymeth.2016.01.005 (2016).
Lopez, P. G. et al. Characterization of N-glycosylation and amino acid sequence
features of immunoglobulins from swine. Glycoconj J 33, 79-91, doi:10.1007/s10719015-9637-z (2016).
Miyagawa, S. et al. Generation of alpha1,3-galactosyltransferase and cytidine
monophospho-N-acetylneuraminic acid hydroxylase gene double-knockout pigs. J
Reprod Dev 61, 449-457, doi:10.1262/jrd.2015-058 (2015).
Couvrat-Desvergnes, G. et al. Rabbit antithymocyte globulin-induced serum sickness
disease and human kidney graft survival. J Clin Invest 125, 4655-4665,
doi:10.1172/JCI82267 (2015).
Amon, R. et al. Glycan microarray reveal induced IgGs repertoire shift against a dietary
carbohydrate in response to rabbit anti-human thymocyte therapy. Oncotarget 8,
112236-112244, doi:10.18632/oncotarget.23096 (2017).
Jefferis, R. Isotype and glycoform selection for antibody therapeutics. Arch Biochem
Biophys 526, 159-166, doi:10.1016/j.abb.2012.03.021 (2012).
Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the
ACE2 receptor. Nature 581, 215-220, doi:10.1038/s41586-020-2180-5 (2020).
Yuan, M. et al. A highly conserved cryptic epitope in the receptor binding domains of
SARS-CoV-2 and SARS-CoV. Science 368, 630-633, doi:10.1126/science.abb7269
(2020).
Ju, B. et al. Human neutralizing antibodies elicited by SARS-CoV-2 infection. Nature,
doi:10.1038/s41586-020-2380-z (2020).
Perera, R. A. et al. Serological assays for severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), March 2020. Euro Surveill 25, doi:10.2807/15607917.ES.2020.25.16.2000421 (2020).
Alsoussi, W. B. et al. A Potently Neutralizing Antibody Protects Mice against SARSCoV-2 Infection. J Immunol, doi:10.4049/jimmunol.2000583 (2020).
Robbiani, D. F. et al. Convergent antibody responses to SARS-CoV-2 in convalescent
individuals. Nature, doi:10.1038/s41586-020-2456-9 (2020).

17

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

35
36

37
38

39

40
41
42

43

44

45
46

Cheng, Y. et al. Use of convalescent plasma therapy in SARS patients in Hong Kong.
Eur J Clin Microbiol Infect Dis 24, 44-46, doi:10.1007/s10096-004-1271-9 (2005).
Duan, K. et al. Effectiveness of convalescent plasma therapy in severe COVID-19
patients. Proc Natl Acad Sci U S A 117, 9490-9496, doi:10.1073/pnas.2004168117
(2020).
Shen, C. et al. Treatment of 5 Critically Ill Patients With COVID-19 With Convalescent
Plasma. JAMA, doi:10.1001/jama.2020.4783 (2020).
Chen, M. et al. Long-term follow-up study of porcine anti-human thymocyte
immunoglobulin therapy combined with cyclosporine for severe aplastic anemia. Eur J
Haematol 96, 291-296, doi:10.1111/ejh.12590 (2016).
Wei, J. et al. Porcine antilymphocyte globulin (p-ALG) plus cyclosporine A (CsA)
treatment in acquired severe aplastic anemia: a retrospective multicenter analysis. Ann
Hematol 94, 955-962, doi:10.1007/s00277-015-2308-0 (2015).
Taylor, A. et al. Fc receptors in antibody-dependent enhancement of viral infections.
Immunol Rev 268, 340-364, doi:10.1111/imr.12367 (2015).
Arvin, A. M. et al. A perspective on potential antibody-dependent enhancement of
SARS-CoV-2. Nature, doi:10.1038/s41586-020-2538-8 (2020).
Yip, M. S. et al. Antibody-dependent infection of human macrophages by severe acute
respiratory syndrome coronavirus. Virol J 11, 82, doi:10.1186/1743-422X-11-82
(2014).
Coish, J. M. & MacNeil, A. J. Out of the frying pan and into the fire? Due diligence
warranted for ADE in COVID-19. Microbes Infect, doi:10.1016/j.micinf.2020.06.006
(2020).
Reynard, O. et al. Anti-EBOV GP IgGs Lacking alpha1-3-Galactose and Neu5Gc
Prolong Survival and Decrease Blood Viral Load in EBOV-Infected Guinea Pigs. PLoS
One 11, e0156775, doi:10.1371/journal.pone.0156775 (2016).
Yu, J. et al. DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science,
doi:10.1126/science.abc6284 (2020).
Casadevall, A. & Pirofski, L. A. The convalescent sera option for containing COVID19. J Clin Invest 130, 1545-1548, doi:10.1172/JCI138003 (2020).

18

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.25.217158. this version posted July 25, 2020. 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.

Figures legends

Figure 1: RP-UPLC chromatograms of pig IgG and the clinical batch of glyco-humanized pig IgG
showing absence of Neu5Gc residues on glyco-humanized pig IgG.

Sialic acids quantification was performed by DMB-labeled released sialic acid analysis by RP
UPLC-FLD/ESI-MS. Labeled monosaccharides were separated by UPLC using a BEH C18
column and the quantification was performed with a fluorescent detector coupled to the
chromatography. The procedure was performed following standard procedures from Waters
(Application Note UPLC/FLR/QTof MS Analysis of Procainamide-Labeled N-glycans).Wild
type pig IgG show Neu5GC and Neu5AC peaks (panel A) whereas glyco-humanized pig IgG
only shows a Neu5AC peak (panel B). Filled histograms denote the relative amount of each Nglycan in the sample.
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Figure 2: Reactivity of human IgG against rabbit, pig and CMAH/GGTA1 DKO pig IgG.
Serum from healthy volunteers (n=59; 100-fold dilutions) was incubated on ELISA plates coated with
rabbit IgG, pig IgG or CMAH/GGTA1 DKO pig IgG. Binding of human IgG was revealed with a labeled
secondary antibody against human IgG. NS: not significant. ***, p<0.001.
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Figure 3: High complement activation with Neu5Gc and Gal-negative pig IgG.
GGTA1/CMAH double KO pigs were immunized with human T cells and the hyperimmune fraction
purified by Protein A chromatography. Rabbit anti-Human T cells used here was Thymoglobulin®. The
two IgG preparations were diluted in non-immune IgG of the respective species to obtain similar binding
titer and intensity on target human T cells by flow cytometry (A). Target human T cells were used in a
Complement-mediated cytotoxicity assay where rabbit IgG and GGTA1/CMAH double KO pig IgG
directed against human T cells were compared. Results are shown as representative of 3 independent
experiments.
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Figure 4: SARS-CoV-2 spike binding ELISA.
GGTA1/CMAH double KO pigs were immunized with SARS-CoV-2 spike RBD recombinant

proteins and blood was collected after 2 (A, C) or 3 to 5 (B, D) immunizations. Serum (A, B)
or the IgG fraction (C, D) were tested by ELISA for binding to recombinant SARS-CoV-2 spike
molecules. In A, B and D curves represent data from individual animals. In C, IgG were
extracted from a serum pool from animals depicted in A (Means ±SD of triplicates). In D, the
orange curve corresponds to one of the best responding animals and the red one to the pool of
sera selected for further GMP processing and clinical usage.
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Figure 5: Assessment of inhibition of SARS-CoV-2 Spike/ACE-2 interaction.
Samples analysed in Figure 4 were tested in an ELISA interaction assay where ACE-2 was
immobilized on plastic and Spike-Fc ligand binding to ACE-2 was revealed with a secondary
antibody against Fc. 100% inhibition represents absence of Spike/ACE-2 interaction. A: Mean
± SD of 4 individual sera collected after 2 immunizations. B: Mean ± SD of individual IgG
fractions shown in A. Black square symbols: IgG extracted from a pool of pre-immune serum.
C: Triangles represent data from a serum pool obtained after several immunizations. Square
symbols: non-immune serum. D: Mean ± SD of individual IgG fractions shown in C. C: IgG
fractions from individual animals after 3 to 5 immunizations.
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Table 1: Interaction of IgG from the indicated species with human FcγR.
FcγRIII (CD16)

FcγRIIa (CD32a)

FcγRIIb (CD32b)

FcγRI (CD64)

pig

-

-

-

-

GH-pig

-

-

-

-

rabbit

+

+

+

+

bovine

N/D

+

+

+

horse

N/D

-

-

+

donkey

N/D

-

-

+

goat

N/D

+

+

+

human

+

+

+

+
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Table 2: Neutralizing activity by Cytopathogenic Effect (CPE) assay and Plaque Neutralizing
Reduction Test (PNRT).

Serum pool*

Purified IgG from serum
pool

End titer or concentration (µg/ml)

1:1600

15 µg/ml

>1:320

ND

1:80

ND

to abrogate CPE (100% efficacy)
against SARS-CoV-2
End titer or concentration (µg/ml)
to abrogate PNRT (90% efficacy)
against SARS-CoV-2
End titer or concentration (µg/ml)
to abrogate PNRT (90% efficacy)
against SARS-CoV

* corresponding to the sample tested in Figure 5A
ND: not done
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Supplementary Figure 1: C1q binding of IgG from rabbit, WT pig and Neu5Gc/αGal-negative
pig.
A: Rabbit IgG or Neu5Gc/αGal-negative pig IgG were immobilized on plastic in ELISA plates.
Equal coating intensity was controlled with a revelation using an Alexa fluor-conjugated
Protein G and record of the fluorescence intensity. B: same coating as in A, with addition of
human serum as a source of complement. Bound C1q molecules were detected with a sheep
anti-human C1q and revealed with an HRP-labelled anti-sheep secondary antibody. C, D: WT
and Neu5Gc/αGal-negative pig IgG preparations were immobilized on plastic at different
concentrations. Similar coating of both IgG preparations was controlled by revelation with an
HRP-labelled secondary antibody against pig IgG (C). Human serum as a source of complement
was incubated and revealed as in B (D). Results are shown as means ± SD of triplicate
experiments.
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Supplementary Figure 2: absence of ADCC activity of pig IgG towards human cell effectors.
CMAH/GGTA1 KO pigs were immunized with human T cells. Immune Neu5Gc/αGalnegative IgG were purified and used in an ADCC assay with human NK effectors (effector to
target ratio 10:1), in comparison with rabbit anti-human T cells IgG (Thymoglobulin®), at the
indicated concentration. Results are shown as means ± SD of triplicate experiments. Two-way
ANOVA followed by post hoc Bonferroni test.
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Supplementary Figure 3: BIAcore surface plasmon resonance (SPR) analysis of pig and rabbit
IgG binding to human Fc𝛾RIIIa (CD16) receptor.
Sensorgram of rabbit (A) and pig (B) IgG interaction with human FcγRIIIa. Pig and rabbit IgG
were immobilized on a CM5 sensorchip. Sensorgram were obtained by injections of different
concentrations of human FcγRIIIa on the chip, with association and dissociation time intervals
of 180s and 600s, respectively. Regeneration between cycles was performed by 100mM NaOH
treatment for 45s. The resonance unit (R.U.) indicates the level of interaction. Dissociation
constant (KD) for the rabbit IgG is indicated.

28

