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Potent human broadly neutralizing antibodies to
hepatitis B virus from natural controllers

Verena Hehle®?*, Maxime Beretta®?*@®, Maryline Bourgine3®, Malika Ait-Goughoulte*, Cyril Planchais™?@®, Solen Morisse?, Benjamin Vesin?,
Valérie Lorin®?, Thierry Hieu'?, Andrea Stauffer*®, Oriane Fiquet>®, Jordan D. Dimitrov’, Marie-Louise Michel®®, Marie-Noélle Ungeheuer?,
Camille Sureau'®®, Stanislas Pol®', James P. Di Santo>®@®, Héléne Strick-Marchand>®**, Nadége Pelletier***@®, and Hugo Mouquet»?®

Rare individuals can naturally clear chronic hepatitis B virus (HBV) infection and acquire protection from reinfection as
conferred by vaccination. To examine the protective humoral response against HBV, we cloned and characterized human
antibodies specific to the viral surface glycoproteins (HBsAg) from memory B cells of HBV vaccinees and controllers. We
found that human HBV antibodies are encoded by a diverse set of immunoglobulin genes and recognize various
conformational HBsAg epitopes. Strikingly, HBsAg-specific memory B cells from natural controllers mainly produced
neutralizing antibodies able to cross-react with several viral genotypes. Furthermore, monotherapy with the potent broadly
neutralizing antibody Bc1.187 suppressed viremia in vivo in HBV mouse models and led to post-therapy control of the infection
in a fraction of animals. Thus, human neutralizing HBsAg antibodies appear to play a key role in the spontaneous control of HBV
and represent promising immunotherapeutic tools for achieving HBV functional cure in chronically infected humans.

Introduction

Chronic hepatitis B virus (HBV) infection is a major health issue
affecting more than 250 million people worldwide despite the
availability of effective vaccines (World Health Organization,
2017). The infection accounts for ~1 million deaths per year
due to HBV-associated cirrhosis, liver failure, and hepatocellular
carcinoma (World Health Organization, 2017). HBV belongs to
the Hepadnaviridae family, and its replication cycle is charac-
terized by the production of infectious virions, or Dane particles,
and a large excess of noninfectious subviral particles (Seeger
et al., 2013). These defective particles outnumbering infectious
HBV virions are thought to act as immune decoys (Seeger et al.,
2013). Virions and subviral particles display at their surface
three forms of HBV envelope glycoproteins or HBV surface an-
tigens (HBsAg): the large HBsAg (L-HBsAg), the middle HBsAg
(M-HBsAg), and the small HBsAg (S-HBsAg). All HBsAg forms
share a common C-terminal region called the extracellular an-
tigenic loop or major hydrophilic region, comprising the im-
munodominant “a” determinant (~aa 124-147), which is the
prime target of antibodies induced by vaccination and infection

(Bertoletti and Ferrari, 2016). Current therapies for treating
chronic HBV rarely achieve functional cure as defined by HBsAg
loss and anti-HBs antibody seroconversion. Still, HBV infection
in adults can be successfully controlled by natural immune
responses during the acute phase, and for ~1% of chronically
infected patients, called HBV seroconverters or natural con-
trollers, who spontaneously clear the infection (Bauer et al.,
2011; Chu and Liaw, 2016; McMahon, 2009). Robust and multi-
specific HBV-specific CD4* and CD8* T cell responses are key
immune effectors in controlling the infection (Bauer et al., 2011;
Bertoletti and Ferrari, 2012, 2016). However, B cells and their
secreted antibodies are also instrumental for the long-term
clearance and protection from viral rebound after functional
cure (Bertoletti and Ferrari, 2016; Corti et al., 2018; Gehring and
Protzer, 2019; Maini and Burton, 2019). For instance, despite
that HBsAg/anti-HBs seroconversion in patients is correlated
with an undetectable level of HBV DNA (McMahon, 2009),
functionally cured individuals undergoing B cell depletion
therapy to treat non-Hodgkin lymphoma have a higher risk of

Laboratory of Humoral Immunology, Department of Immunology, Institut Pasteur, Paris, France; 2Institut National de la Santé et de la Recherche Médicale U1222, Paris,
France; 3Molecular Virology and Vaccinology Unit, Institut Pasteur, Paris, France; “Roche Innovation Center, Basel, Switzerland; SInnate Immunity Unit, Department of
Immunology, Paris, France; ®Institut National de la Santé et de la Recherche Médicale U1223, Institut Pasteur, Paris, France; “Centre de Recherche des Cordeliers, Institut
National de la Santé et de la Recherche Médicale, Sorbonne Université, Université de Paris, Paris, France; 8Institut Pasteur, Paris, France; °Investigation Clinique et Accés
aux Ressources Biologiques platform, Center for Translational Science, Institut Pasteur, Paris, France; °Institut National de la Transfusion Sanguine, Centre National de la
Recherche-Institut National de la Santé et de la Recherche Médicale U1134, Paris, France; Hepatology Department, Cochin Hospital, Assistance publique - Hopitaux de
Paris, Paris, France.

*V. Hehle and M. Beretta contributed equally to this paper; **H. Strick-Marchand and N. Pelletier contributed equally to this paper; Correspondence to Hugo Mougquet:
hugo.mouquet@pasteur.fr.

© 2020 Hehle et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2020 Vol. 217 No. 10

https://doi.org/10.1084/jem.20200840

W) Check for updates

20200840

1.20Z aunr z0 uo 3senb Aq 4pd 01800202 Wel/L8Z9v0L/0¥8002028/0L/LLZ/Pd-8jonie/wal/Bio"sseidnij/:dny woy pepeojumoq

1of17


https://orcid.org/0000-0001-6202-1948
https://orcid.org/0000-0002-8850-8073
https://orcid.org/0000-0002-5142-7253
https://orcid.org/0000-0002-7141-2104
https://orcid.org/0000-0002-1231-845X
https://orcid.org/0000-0002-0517-4646
https://orcid.org/0000-0002-7146-1862
https://orcid.org/0000-0001-7097-6760
https://orcid.org/0000-0002-4230-610X
mailto:hugo.mouquet@pasteur.fr
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20200840
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20200840&domain=pdf

HBV reactivation, which can quickly lead to severe liver dys-
function (Kusumoto et al., 2019; Perrillo et al., 2015). Hence, key
immune components to control HBV infection likely include a
broad and robust antigen-specific T cell response, as well as the
development of neutralizing anti-HBs antibodies mediating
HBsAg clearance and lifelong protective immunity (Bertoletti
and Ferrari, 2016; Corti et al., 2018).

Neutralizing antibodies produced in response to HBV infec-
tion target either the antigenic loop of L-, M-, or S-HBsAg and
interfere with the attachment to heparane sulfate proteoglycans
on hepatocytes or the preS1 domain of L-HBsAg and block the
binding to the host cellular receptor, the sodium taurocholate
cotransporting polypeptide (Corti et al., 2018). IgG antibodies
against the immunodominant “a” determinant of HBsAg induced
by vaccination (based on recombinant S-HBsAg [rS-HBsAg]
immunogens), or administrated to individuals at risk of expo-
sure by polyclonal Ig infusions, confer protection against HBV
infection (Samuel et al., 1993; West and Calandra, 1996). Anti-
HBs neutralizing antibodies may contribute to the viral clear-
ance and long-term suppression in HBV seroconverters as they
do for protecting vaccinees from infection. Several neutralizing
anti-preS and anti-HBs antibodies have been isolated from im-
munized mice and vaccinated humans (Corti et al., 2018).
However, no study has yet been performed on the memory B cell
response to HBV in functionally cured HBV-infected individuals
by cloning and characterizing human HBsAg-specific antibodies.
As seroconversion to anti-HBs antibodies and clearance of
HBsAg is the hallmark of a functional cure in chronic HBV, the
molecular dissection of the antibody repertoire and reactivity of
virus-specific IgG memory B cells in natural HBV controllers
should provide insights on the humoral parameters participat-
ing in the control and protection against HBV infection.

Here, we report on the antibody features of HBV-specific
memory B cells circulating in vaccinees and natural con-
trollers. We isolated HBsAg-specific memory B cells from both
cohorts using single-cell capture and following antibody ex-
pression cloning, we characterized a panel of 72 human anti-HBs
monoclonal antibodies at a molecular and functional level. Our
analyses reveal the diversity of the memory B cell antibody re-
sponse to HBV in terms of Ig gene repertoire, cross-genotypic
reactivity, neutralizing activity, and targeted S-HBsAg epitopes.
These studies also demonstrate that neutralizing anti-HBs
memory antibodies dominate in HBV controllers. Finally, mon-
otherapy with a potent controller-derived cross-neutralizer can
suppress viremia in mouse models, opening the path toward a
therapeutic evaluation of potent broadly neutralizing HBV an-
tibodies in chronically infected individuals.

Results

Human anti-HBs monoclonal antibodies from HBV vaccinees
and controllers

To characterize the memory B cell antibody response to the HBV
surface glycoproteins, peripheral blood B cells from six vaccin-
ees and eight controllers with high serum anti-HBs IgG antibody
titers (Table S1) were stained with fluorescently labeled
rS-HBsAg or native S-HBsAg (nS-HBsAg) particles (Fig. 1 A and
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Fig. S1). From the 3,452 S-HBsAg-binding IgG* memory B cells
captured by single-cell flow-cytometric sorting, we produced a
total of 170 unique human monoclonal antibodies by recombi-
nant expression cloning (Tiller et al., 2008). ELISA binding
analyses of S-HBsAg* memory B cell antibodies cloned from HBV
vaccinees and controllers to S-HBsAg particles showed that only
21.1% (0-61.5%) and 55.2% (33.3-90.9%) had high affinity for
HBsAg, respectively (P = 0.011; Fig. 1, B and C; and Fig. S2). In
HBV controllers, high titers of circulating anti-HBs antibodies
were associated to a greater recovery of HBV-specific B cells
(35.2% vs. 67.3%; P = 0.036; Fig. 1 C). Bystander B cells lacking
S-HBsAg reactivity by ELISA were almost all polyreactive (not
shown) and thus may have been captured by interacting with
nonenvelope components of the viral particles. 29 anti-HBs IgG
antibodies (40.3%; n = 72) showed binding to a recombinant
form of the S-HBsAg protein lacking transmembrane (TM) do-
mains (ATM-rS-HBsAg; Fig. 1 D), but only four recognized de-
natured S-HBsAg by immunoblotting (Fig. 1 E). Moreover, none
bound to the “a” determinant peptides (Fig. 1, F and G), whereas
two reacted with linear epitopes flanking the “a” determinant
(Fig. 1, G and H), indicating that most anti-HBs memory anti-
bodies target conformational epitopes.

HBV-specific memory B cells were mainly part of clonal ex-
pansions and expressed somatically mutated Ig genes displaying
antigen-driven maturation hallmarks (Fig. 2, A-C; and Table S2).
Comparison of Ig gene features with IgG* memory B cells from
healthy controls revealed an increased usage in the HBV-specific
B cell repertoire of Vil (i.e., Vy1-69 and Vyl1-18; P = 0.041), Jy4
(P = 0.0017), and rearranged Vy1(Dy)Ju4 (P = 0.017) genes, as
well as IgG1/IgG3 subclass expression (P = 0.019; Fig. 2, D-G and
I; and Table S2). Among the HBV antibodies using Vy41-69 genes
(14% of total; Fig. 2 F), 60% possessed the germline (GL)-encoded
phenylalanine at position 54 in the hydrophobic complementary
determining region (CDR) 42 tip (Fig. 2 H), which was shown to
be essential for numerous human neutralizing antibodies
against influenza virus, hepatitis C virus, and HIV-1 (Chen et al.,
2019). No specific IgH CDRy3 loop and IgL chain gene features
were significantly associated with S-HBsAg reactivity (Fig. 2, J and
K). We conclude that the majority of human S-HBsAg-specific
IgG* memory B cells express conformation-dependent IgGl and
IgG3 antibodies enriched in Vyl-coding Ig.

In vitro and in vivo HBV neutralization by human anti-HBs
memory B cell antibodies

To determine whether the S-HBsAg memory B cell antibodies
neutralize HBV, we measured their in vitro neutralizing activity
against genotype D viruses in the HepaRG cell-based assay.
Overall, 61% of the anti-HBs antibodies blocked HBV infection
with 50% inhibitory concentrations (ICs,) ranging from 50 pg/
ml down to 0.05 pg/ml (Fig. 3 A, Fig. S3, and Table S2). In HBV
controllers, 69% of the antibodies were neutralizing, including
35% of potent neutralizers with ICso values below 50 ng/ml
(Fig. 3 A and Table S2). Anti-HBs antibodies with broader re-
activity to S-HBsAg particles and higher hypermutation loads
were more prone to inhibit HBV infection (Fig. 3, B and C). HBV
neutralizers equally expressed Vyl-69 F54 and L54 alleles
(Fig. 2 H and Table S2). Hepatitis delta virus (HDV) is a defective
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Figure 1. S-HBsAg-specific memory antibodies cloned from HBV vaccinees and controllers. (A) Average S-HBsAg reactivity of serum IgGs from HBV
vaccinees (HBVv, n = 6, black gate, top) and controllers (HBVc, n = 8, blue gate, bottom) as shown in Fig. S1 A. Shaded regions indicate value ranges. Rep-
resentative flow-cytometry plots showing S-HBsAg-binding IgG* memory B cells in HBV vaccinees and controllers as in Fig. S1 B; Bv4 and Bc3 are shown).
nS-HBsAg and rS-HBsAg are human-derived nS-HBsAg and rS-HBsAg particles, respectively. (B) S-HBsAg-ELISA reactivities of S-HBsAg-captured IgG* memory
B cell antibodies. capt-rS-HBsAg, rS-HBsAg capture ELISA. Means of triplicate values are shown as measured in Fig. S2 A. (C) Percentage of S-HBsAg-specific
monoclonal antibodies (% S-HBsAg*) isolated from HBVv and HBVc (right). % S-HBsAg* according to anti-HBs antibody titers in HBVc (<150 and >900 IU/ml) are
indicated. Groups were compared using the Mann-Whitney test. (D) ELISA reactivity of anti-HBs antibodies against TM domains-deleted S-HBsAg protein
(ATM-rS-HBsAg). HB1 and mGO53 are positive and negative controls, respectively. The dotted line indicates the cutoff OD4os,m for positive reactivity. Means of
assay triplicates from three independent experiments are shown. (E) Infrared immunoblot shows anti-HBs memory IgGs reactive against denatured S-HBsAg
proteins. The immunoreactive bands correspond to HBV p24 and gp27 proteins. (F) Same as in D but for the cyclic peptides corresponding to putative S-HBsAg
loops 122-137 and 139-148. (G) Heat-mapped reactivity of ATM-rS-HBsAg-binding antibodies against S-HBsAg overlapping linear peptides. Means of triplicate
OD values from one representative experiment (n = 3) are shown. HB1 and mGO53 are positive and negative controls, respectively. Amino acid sequences (left)
and values of grand average of hydropathy (GRAVY; right) of S-HBsAg peptides are indicated. Blue arrows indicate peptide-reactive human anti-HBs antibodies.

(H) ELISA binding curves of peptide-reactive anti-HBs antibodies are shown (means of assay quadruplicates + SD).

virus and an obligate satellite of HBV, which utilizes envelope
proteins of its helper to assemble infectious HDV virions
(Sureau and Negro, 2016). We thus asked whether HBV neu-
tralizing antibodies could also prevent HDV infection in vitro. As
expected, selected antibodies neutralized HDV in the Huh-106
cell assay as efficiently as HBV (Fig. 3 D).

To evaluate the in vivo activity of neutralizing anti-HBs
antibodies, we generated HBV-persistent mice based on the
liver-targeted transduction of a recombinant HBV-encoding
adeno-associated virus (AAV; Dion et al., 2013). Four potent
HBV neutralizers were selected and passively transferred into
HBV carrier mice with high levels of circulating HBsAg (>10* IU/
ml). A single i.v. injection of antibodies at ~20 mg/kg (0.5 mg per
mouse) led to a marked drop in viremia 2 d post-injection (dpi),
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whereas treatments with a lower antibody dose (~10 mg/kg,
0.25 mg per mouse) had milder effects due to the rapid ex-
haustion of antibodies by outnumbering HBV particles (Fig. 3 E).
The two most potent antibodies, Bc1.187 and Bv4.104, induced an
average decrease of 1.7 and 2.1 log), at nadir (2 dpi), respectively
(Fig. 3 F). A viral rebound 2 d after drop accompanied antibody
decay with a return to baseline levels of circulating HBsAg at 7
dpi (Fig. 3 E). As the decline of viremia in vivo was dependent on
the amount of antibody administrated, we next determined the
effect of an increased dose of the HBV cross-neutralizing anti-
body Bcl.187. HBV carrier mice receiving a single injection of
Bcl.187 at ~40 mg/kg (1 mg i.v. per mouse) showed a maximum
decrease of viremia of 2.8 log), in average at 2 dpi (Fig. 3, G and
H), with HBsAg levels sustained below baseline for at least 12 d
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Figure 2. Immunoglobulin gene repertoire of S-HBsAg-specific IgG* memory B-cells. (A) Bubble plot showing the level of clonal expansions according to
percentages of somatic mutations in the IgH and IgL chain variable domains of S-HBsAg-specific IgG antibodies. The size of the expansions for each donor is
indicated in the bar graph below. (B) Violin plots comparing the number of mutations in VH, Vk, and VA genes in HBs-specific and control IgG* memory B cells
(n = 72). The average number of mutations (# mut.) is indicated below each dot plot. Numbers of mutations were compared across groups of antibodies using
the unpaired Student t test with Welch's correction. (C) Graphs showing the Bayesian estimation of antigen-driven selection based on anti-S-HBs IgH and IgL
sequences. FWR, framework regions. (D) Volcano plot analysis comparing the Ig gene repertoire of S-HBsAg-specific IgG* B cells from HBV immune donors
and IgG* memory B cells from healthy individuals (IgG.mB; Prigent et al,, 2016). Blue dots indicate statistically significant differences between both Ig gene
repertoires. pV, P value; FC, fold changes. (E) Pie charts comparing the distribution of V},/),; gene usage of blood S-HBsAg-specific IgG* memory B cells and
lgG* memory B cells from healthy individuals (IgG.mB). The number of antibody sequences analyzed is indicated in the center of each pie chart. (F) Bar graph
comparing the distribution of single Ig Vi, genes expressed by S-HBsAg-specific and control IgG* memory B cells. (G) Circos plots comparing the Vy(Dy)Jn
rearrangement frequencies between S-HBsAg-specific IgG* memory B cells and IgG* memory B cells from healthy individuals (IgG.mB). (H) Amino acid
alignment of the CDRy;2 region (defined by Kabat) of V,;1-69-expressing anti-HBs antibodies. Residues in red indicate substitutions compared with the GL Vy
gene (on the top). (1) Bar graph comparing the distribution of IgG subtypes (left) and k- vs. A-Ig chain usage (right) as in F. (J) Same as in | but for the CDRH3
lengths and positive charge numbers. The average of CDRy;3 lengths is indicated below each histogram. (K) Same as in E but for Vk/Jk and VA/JA gene usages.
Groups were compared (in D-G and I-K) using 2 x 2 and 2 x 5 Fisher’s exact tests.

Hehle et al.
Broadly neutralizing HBV antibodies

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20200840

1.20Z aunr z0 uo 3senb Aq 4pd 01800202 Wel/L8Z9v0L/0¥8002028/0L/LLZ/Pd-8jonie/wal/Bio"sseidnij/:dny woy pepeojumoq

4 0f 17


https://doi.org/10.1084/jem.20200840

w
O

A HBIVVCB)Eg BFZ 893 B(I:4 BFS BFG 397 B(J:8 . Bv4.104 Bc1.187
-7 ® 110 HDV * oy 91
-6 ﬁ o 00 o 2{1b———— RNA - el
-5 2 100, T3
o) -5 T8 3
—4 00 Q © gs — 50 f/ /
-3 Al 21 012-34-56-7-8
-2 © o) 80 O gL 0 _A_/ ,.—e—/
= S ) o ICso (Hg/mi) — E——
£ -1 o) o & 500 0 500 0
ETO o ° 5 . °% 7o gL Bc1.263  Bc4.204  Load Ctrl
31 ) o) 15 *
O japap-o0— — 3 & cooo 7 | B p——— — -
HBVv HBVc Total it —— " g =
35.3 69.1 61.1 /’v r/
= 50-|
o 6%@ ’@é sif 8 8L 1L/ 1
2 [J—— [E—— - 0w
9 ’ ‘ Nt i 500 0 500 0 ig_
= non neutralizi?:g tAsb (e x10%ge
= neutralizing
- Bv4.104 (A Bc1.187 Bc1.263  (©) Bc4.204 (D) IgG Ctrl @30
1054 3 L i el 1
104,%?‘ yﬁ_ E 3
\\
1034 [ 1 L1 L
102 3= 1 4 ‘\\
10— e A
10%
1054 i F Nee—|
104 ] ] \/f ]
E 104 1\
2 104 | E F \ 3
o N T L N — — 10 |o
A 0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25 |2
L

Time (days) ==0.25mg =0.5 mg
Bc1.187
108 108

19 %% o 104
| % 102

° 102
] b4 0 0.25 mg

M

L o

Alog,q HBsAg 2 dpi
)

HBsAg (IU/ml)
HBV DNA (IU/ml)

-3 10° . .
10° 102} > 14
T_4 e 05mg o 5 10 15 o 5 10 15 €70 5 10 15
A —— — HBsA
A B C D E Time (days) Time (days) Time (days) HB\SI [S)JNA

Figure 3. Neutralizing activity of human anti-HBs memory antibodies. (A) Dot plot showing the neutralizing activity of anti-HBs IgG antibodies (n = 72)
against in vitro infection of HepaRG cells by genotype D HBV. Dots represent ICs, values for each antibody calculated from Fig. S3. Pie charts (bottom) show the
distribution of nonactive (white) vs. neutralizing (shades of blue) antibodies according to neutralization potency. (B) Violin plots comparing the neutralization
capacity of anti-HBs IgGs according to bound S-HBsAg proteins (nS-HBsAg, rS-HBsAg, and captured rS-HBsAg as measured in Fig. S2). (C) Violin plots
comparing the percentage of somatic hypermutations (%SHM) between nonneutralizing and neutralizing antibody groups. Groups in B and C were compared
using the Mann-Whitney test. (D) In vitro neutralizing activity of selected anti-HBs monoclonal IgG antibodies against HDV using HDV RNA quantification in
Huh-106 cells by Northern blotting. ge, genome equivalents. Asterisk indicates ribosomal RNA. (E) In vivo neutralization activity of human anti-HBs antibodies
in HBV-carrier mice. Circulating blood HBsAg levels were monitored in HBV-carrier mice treated once i.v. with 0.25 mg of anti-HBs antibodies Bv4.104 (n = 6),
Bcl.187 (n = 6), Bc1.263 (n = 6), Bc4.204 (n = 6), or mGO53 isotype control (n = 5), and 0.5 mg of anti-HBs antibodies Bv4.104 (n = 9), Bc1.187 (n = 9), Bc1.263
(n=6),Bc4.204 (n = 4), or mGO53 isotype control (n = 5). Blue and red lines represent averages. Graphs also show the evolution of human IgG titers of anti-HBs
neutralizers over time in treated HBV-carrier mice. Dotted lines indicate the means and gray area the value ranges. (F) Logy, changes of HBsAg titers at nadir
(2 dpi) upon antibody administration of 0.25 mg (white) and 0.5 mg (black) per mouse are shown. Means are indicated in red (0.5 mg) and blue (0.25 mg).
(G) Circulating blood HBsAg and HBV DNA levels were monitored in HBV-carrier mice (n = 6) injected once i.v. with 1 mg of the anti-HBs antibody Bc1.187.
(H) Average logyy changes over time of HBsAg (red) and HBV DNA (orange) levels.
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(Fig. 3, G and H). In treated animals, HBV DNA loads followed the
evolution of serum HBsAg titers and dropped an average 3.6 log;o
to reach undetectable levels up to 1 wk after the last Bc1.187 in-
jection in four out of six mice before viral rebound (Fig. 3, G
and H).

Cross-genotypic activity of potent human HBV neutralizing
antibodies

HBV is classified into four major serotypes based on specific
amino acid variations in the “a” determinant (adr, adw, ayr,
ayw), and 10 genotypes according to viral genome-based phy-
logeny (A to J; Kato et al., 2016). Binding analyses showed that
most potent HBV neutralizing antibodies (71%) are able to rec-
ognize both ayw and adw HBsAg particles used in GenHevac-B
and Engerix-B vaccines, respectively (Fig. 4 A and Fig. S4). Im-
portantly, about half of the neutralizers cross-reacted equally
with consensus S-HBsAg proteins from nine different genotypes
(A toI; Fig. 4 B) and Fig. S5, A and B). The others displayed more
heterogeneous binding profiles, with antibodies not reacting
with F and H genotypes (19%, all from donor Bc4), or binding to
D-F and H, or only to D and E (Fig. 4 B). To validate that cross-
genotypic HBV binding reflects cross-neutralization potential,
we measured the in vitro neutralizing activity of the HBV cross-
reactive neutralizer Bcl.187 against infection of primary human
hepatocytes (PHHs) with HBV virions from genotypes A, B, C,
and D. As anticipated, Bcl.187 neutralized HBV viruses from all
four genotypes, although more efficiently genotypes A and C
than B and D (Fig. 4 C). In the HepaRG cell assay, genotype A and
C virions were also highly sensitive to Bcl.187 as opposed to
Bv4.104 that only neutralized potently genotype D HBV, in
agreement with its reactivity profile (Fig. 4 D).

In humans, several HBV escape mutations have been de-
scribed, of which G145R is the most prevalent substitution in the
S protein region (Chotiyaputta and Lok, 2009; Huang et al.,
2012). We thus evaluated whether some of these mutations
could affect HBV recognition by the potent neutralizers (Fig. 4 E
and Fig. S5 C). Significant decrease or loss of S-HBsAg binding
was only detected with the G145R mutant protein for about half
of the antibodies, indicating that the G145R mutation known to
destabilize the “a” determinant (Huang et al., 2012; Salisse and
Sureau, 2009) can be detrimental to the neutralizing activity of
anti-HBs antibodies. Mutant binding analyses also showed that
none of the neutralizing antibodies interact with unique N-glycans
on the S-HBsAg found at position N146 (Fig. 4 E and Fig. S5 C).
Collectively, these data show that HBsAg-specific memory B cells
in HBV controllers can produce potent cross-neutralizing anti-
bodies able to dramatically decrease levels of circulating HBsAg
and HBV DNA in vivo.

Binding features of potent human HBV neutralizing antibodies

To map the epitopes targeted by potent neutralizing HBV anti-
bodies, we performed alanine-scanning ELISA experiments us-
ing a library of mutant HBsAg proteins with substitutions
covering the major hydrophilic region of HBsAg. Although all
tested antibodies presented a unique recognition pattern, com-
mon binding profiles could be identified based on mutation
sensitivity (Fig. 5 A). Antigenic determinants were scattered
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throughout the antigenic loop (aa 101-170). Some epitopes could
be mapped to a restricted domain in the N-terminal and
C-terminal regions of S-HBsAg (Bc8.109 and Bcl.263, respec-
tively). Others could not be unambiguously determined
(Bc4.204, Bc4.194, Bc4.178, Bc3.106, and Bc8.104; Fig. 5 A).
Neutralizing epitopes in the “a” determinant were quite com-
plex, comprising major interacting residues in the (i) conserved
peptide 120-PCR(K)TC-124 and amino acid sequence 138-149
(Bc8.159 and Bcl.130), (ii) two adjacent regions aa 124-138 and aa
138-147 (Bv4.105 and Bv4.106), (iii) all three aforementioned
domains (Bv4.104, Bc8.111, Bcl.128, and Bcl.156), or (iv) peptide
region 138-147 mainly (BV4.115, Bv6.172, Bcl.187, Bcl.229,
and Bcl.180; Fig. 5 A). Next, we performed competition
S-HBsAg-binding ELISA analyses to evaluate the extent of
overlap between neutralizing epitopes. In each aforementioned
antibody class, cross-competition molecules were mostly found
as independent tandems: Bv4.104/Bc8.111, Bc8.128/Bv4.106,
Bcl.180/Bcl.263, and Bc3.106/Bc6.149 (Fig. 5 B). The trio of
neutralizers Bc4.194/Bc4.204/Bc4.178 recognized a common
nonconformational epitope not well defined by the mapping
(Fig. 1 E and Fig. 5, A and B), but likely located in the most distal
portion of the S-HBsAg N or C terminus. In this regard, all three
antibodies were unable to bind F and H genotypes, which
principally diverge from the others in a region predicted to be
the TM domain 3 (Q178-Y225; Fig. S5 A). Moreover, Bc4.204 had
its binding decreased by the F179A mutation and also weakly
bound to a linear peptide in C-ter (191-200; Fig. 1 G and Fig. 5
A). The larger epitopic cluster contained neutralizing anti-
bodies having epitopes more centered on the aa 138-149 region
(Bv4.115, Bv6.172, Bc1.187, and Bcl1.229), but also able to interfere
with the S-HBsAg binding of others neutralizers (Fig. 5, A
and B).

To examine whether somatic mutations contribute to the
activity of HBV neutralizing antibodies, we reverted mutations
in three representative potent neutralizers to produce their
putative GL precursors. Representative GL versions showed
heterogeneous HBV recognition profiles: Bc4.204-GL failed re-
acting with S-HBsAg, whereas Bcl.187-GL and Bv4.104-GL still
bound but with much lower relative affinities compared with
their matured counterparts (Fig. 5, C and D). GL IgGs displayed
weak, as compared with the mutated antibodies, but significant
inhibitory activities against in vitro HepaRG cell infection by
genotype D HBV, particularly Bcl.187-GL with an ICs, of 0.08
pg/ml (Fig. 5 E). This implies that although certain GL antibodies
expressed by B cell precursors can bind and neutralize HBV at a
high concentration, somatic mutations are required for their
high-affinity HBsAg binding and potent HBV neutralization.

Human class-switched memory B cells including high-
affinity B cell clones against viral antigens can cross-react
with self-antigens (Andrews et al., 2015; Prigent et al., 2016,
2018; Tiller et al., 2007). We thus evaluated the self-reactivity
of 10 selected potent HBV neutralizers using clinical autoanti-
body assays (HEp-2 cells IFA and ELISA), and microarray im-
munoblotting (>9,000 human proteins). Apart from Bcl.263,
none of the HBV neutralizers showed polyreactivity as mea-
sured by a global shift of the microarray fluorescence signals
compared with the isotype control (Fig. 5 F). Only Bcl.263 and
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Figure 4. Cross-reactivity of human HBV neutralizing antibodies. (A) Heat map comparing the ELISA reactivity of HBV neutralizing antibodies against adw
and ayw genotype D S-HBsAg particles (measured as area under the curve values from Fig. S4). Representative ELISA graphs on the right show the reactivity of
selected antibodies against recombinant HBV vaccines Engerix-B (adw) and GenHevac-B (ayw). Error bars indicate the SD of assay duplicates. (B) Heat map
comparing the reactivity of HBV neutralizing antibodies against S-HBsAg antigens from genotypes depicted in the phylogenic tree (top left), as % of bound
S-HBsAg-expressing cells determined by flow cytometry. Data represent one of two independent experiments as shown in Fig. S5 B. HB1 and mGO53 are
positive and negative controls, respectively. Cytograms in the bottom left shows a representative reactivity profile of HB1 antibody. ELISA graphs on the right
show the reactivity of selected antibodies against rS-HBsAg proteins from all genotypes but G. Error bars indicate the SD of assay duplicates. (C) Graph
comparing the neutralizing (Neut.) activity of Bc1.187 against infection of PHHs by HBV viruses from A to D genotypes. Error bars indicate the SEM of assay
triplicates. (D) Graphs show neutralization curves of HBV viruses from genotype A, C, and D by Bv4.104 and Bc1.187 antibodies as determined by the HepaRG
neutralization assay. Error bars indicate the SEM of assay triplicates. (E) Same as in B but for S-HBsAg mutant proteins depicted on the diagram in the top left
(Fig. S5 C). Asterisk indicates that this antibody was initially not reactive against genotype D S-HBsAg. Fl, fluorescence intensity.

Bc4.204 antibodies displayed a significant cross-reactivity
(Z-scores > 5) against galectin-3/-8 and E3 ubiquitin-protein
ligase UBR2, respectively (Fig. 5 F). Low (Bcl.187 and Bcl.263)
to moderate (Bc4.194 and Bc4.204) binding to HEp-2 cell anti-
gens was detected by IFA using high antibody concentrations
(Fig. 5 G), but no HBV neutralizers showed positive HEp-
2 ELISA reactivity (Fig. 5 H).

In vivo HBV suppression by potent broadly neutralizing
antibody Bc1.187

To determine whether potent HBV neutralizers from natural
controllers can stably suppress HBV viremia in vivo, HBV-
carrier mice were treated for 17 d with Bcl.187 antibody
(0.5 mg i.v., ~20 mg/kg, twice a week; Fig. 6 A). Viremic mice
experienced a decrease in circulating HBsAg levels upon treat-
ment with Bcl.187 but not with the isotype control (Fig. 6 A).
However, the development of murine anti-human IgG anti-
bodies (anti-drug antibodies [ADAs]) rapidly altered therapy
effectiveness (Fig. 6 B). To overcome or limit ADA production,
we generated a chimeric version of Bcl.187 by combining the
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antibody’s variable domains with the murine Igy2a and IgK
constant regions. The chimeric Bc1.187 antibody (c-Bc1.187) had a
serum half-life of 3.9 d in nontransduced wild-type mice (Fig. 6
C), and led to reproducible viremia drops when administrated
weekly in HBV-carrier mice (0.88 + 0.07 log,, in average at 2 dpi
during 3 consecutive weeks; Fig. 6 D). 16 d of treatment with
0.5 mg i.v. injections of c-Bcl.187 every 2 d but not control an-
tibody led to a loss of circulating HBsAg in all mice from day 4
with an average 2.5 log;, fold decrease compared with the set-
point (Fig. 6 E). During c-Bcl.187 therapy, serum HBV DNA
content was also drastically diminished by an average 2.5 log;o
fold and reached the detection limit by day 21 in all but one
mouse (Fig. 6 F). HBsAg and HBV viremia were still suppressed
for 2 wk after the last antibody injection before rising back to
baseline levels (Fig. 6, E and F). As expected in this model, serum
levels of HBe antigen, a surrogate marker for viral replication,
remained unchanged during therapy (Fig. 6 G).

We next determined whether Bcl.187 could alter the natural
course of HBV infection in vivo. BALB/c Rag2/~SirpaNCPAlb-
uPA8/t8 mice stably engrafted with human hepatocytes
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Binding features of human HBV neutralizing antibodies. (A) Heat map shows the ELISA binding of selected HBV neutralizing antibodies to

recombinant HBsAg mutant proteins. Color value is proportional to the reactivity level. (B) Heat map showing competition for S-HBsAg binding of the HBV
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neutralizing antibodies tested in duplicate. Lighter colors indicate stronger inhibition; dark blue indicates no competition. (C) S-HBsAg binding of the selected
HBV neutralizing antibodies and their GL counterparts as measured in duplicate by flow cytometry. Representative cytograms are shown on the top. (D) Same
as in C but as determined by ELISA. Means + SD of triplicate assay values are shown. (E) In vitro neutralizing activity of the GL versions of Bc1.187, Bc4.204, and
Bv4.104 against genotype D HBV viruses as determined by the HepaRG neutralization assay. Error bars indicate the SD of assay triplicates. (F) Reactivity profile
of selected anti-HBs human antibodies on human protein microarrays. Frequency histograms showing the log;o protein displacement (o) of the mean fluo-
rescence intensity signals for anti-HBs antibodies compared with nonreactive antibody mGO53 (top). The PI corresponds to the Gaussian mean of all array
protein displacements. Microarray reactivity plots showing anti-HBs antibody binding to human proteins (bottom). Each spot correspond to the z-scores given
on a single protein by the reference (Ref: mGO53, y axis) and test antibody (x axis). Red dots indicate immunoreactive proteins (z > 5). (G) Binding of selected
anti-HBs antibodies to HEp2-expressing self-antigens was assayed by indirect immunofluorescence assay. Ctr+, positive control of the kit. mGO53 and ED38
are negative and positive control antibodies, respectively. The scale bars represent 40 pM. (H) Bar graph shows the HEp-2 reactivity as measured by ELISA.
Means + SD of values from two independent experiments performed in duplicate are shown.

(HUHEP; Dusseaux et al., 2017; Strick-Marchand et al., 2015) mouse; Fig. 7 A). Treatment with Bcl.187, but not isotype an-
were infected with genotype D HBV. Once infection was es- tibody and nucleoside analogue (Entecavir) controls, induced a
tablished, mice received i.p. injections of Bcl.187 for 3 wk, ei-  decrease of circulating HBsAg levels in viremic HUHEP mice by
ther bi-weekly (20 mg/kg per mouse) or weekly (50 mg/kg per an average 2.1 and 2 log;, fold at 21 dpi for the 20 mg/kg and
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Figure 6. Bcl.187 antibody therapy in HBV-carrier mice. (A) Circulating blood HBsAg levels over time in AAV-HBV-transduced mice (n = 7) treated every
3-4 d for 17 d with 0.5 mg i.v. of human anti-HBs antibody Bc1.187 or mGO53 isotype control (blue arrows). Blue-shaded area indicates the antibody therapy
period. (B) Murine anti-human IgG antibody levels in the treated mice shown in A as measured in duplicate by ELISA. (C) 1gG concentrations of passively
administrated chimeric Bc1.187 antibody (0.5 mg i.v.) in B6 mice (n = 4). Error bars represent SD values. Half-life in days (ty/,) of chimeric antibody Bc1.187 is
indicated in the upper-right corner. (D) Alog;o HBsAg levels over time in C57BL/6) mice receiving weekly i.v. injections (0.5 mg) of chimeric antibody Bc1.187
(c-Bc1.187) and mGO53 isotype control (c-mGO53). Red lines indicate the averages. (E) Evolution of blood HBsAg levels over time in HBV-carrier mice (n = 7 per
group) treated every 2 d for 16 d with 0.5 mg i.v. of anti-HBs Bc1.187 or isotype control mGO53 chimeric antibody (blue arrows). Red lines indicate the averages.
Blue-shaded area indicates the antibody therapy period. Corresponding Alog;o HBsAg levels compared with baseline are shown at the bottom. (F) Same as in E
but for blood HBV DNA levels. (G) Same as in E but for blood HBeAg levels.
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Figure 7. Bc1.187 antibody therapy in HBV-infected HUHEP mice. (A) Blood HBsAg, HBeAg, and HBV DNA levels over time for each individual HUHEP
mouse infected with genotype D HBV, and treated with anti-HBs antibody Bc1.187 for 3 wk with either 20 mg/kg or 50 mg/kg human antibody i.p. Asterisk
indicates mice in control groups that were reused for a treatment regimen of Bc1.187 antibody at 50 mg/kg. (B) Evolution of infection over time in HBV-infected
HUHEP mice receiving i.p. injections of human anti-HBs antibody Bc1.187 (20 mg/kg ~0.4 mg every 3-4 d, n = 7; 50 mg/kg ~1 mg, weekly, n = 5) for 3 wk. Red
lines indicate the averages. Dagger (1) and asterisk indicate dead and controlled mice, respectively. The number of asterisks indicates the number of controlled
mice. Circulating blood HBsAg, HBeAg, and HBV DNA levels (left) and average Alogyo values compared with baseline (right, 20 mg/kg, blue lines; 50 mg/kg,
purple lines) are shown. (C) Evolution of HBV infection over time in HBV-infected HUHEP mice receiving a treatment with the non-HBV isotype control mGO53
(20 mg/kg i.p.) or Entecavir (ETV) every 3-4 d for 3 wk. Blood levels of HBsAg (black lines), HBeAg (magenta dotted lines), and HBV DNA (black dotted lines) are
shown. (D) Graphs showing the levels of human serum albumin over time in infected HUHEP mice and treated i.p. with 20 mg/kg and 50 mg/kg of Bc1.187
antibody as shown in B.
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50 mg/kg dosing regimens, respectively (Fig. 7, A-C). However,
HBV viremia declined more effectively in the group receiving
weekly Bcl.187 injections of 50 mg/kg (average drop at 21 dpi of
1.76 log) vs. 0.64 log, for 20 mg/kg; Fig. 7 B). At the end of the
follow-up, two mice with low pretreatment viremia showed
complete viral suppression in response to the 20 mg/kg dosing
regimen (28.6%, n = 7; Fig. 7, A and B). Circulating HBsAg levels
dropped and remained undetectable for 2 wk after the last in-
jection of 50 mg/kg Bcl.187 in 60% of the mice (n = 5). Of these
three mice, one died, another experienced viral rebound, and
the last still controlled the infection for more than a month
after treatment before HBV DNA reappearance (Fig. 7, A and B).
Circulating levels of HBeAg were also diminished upon Bcl.187
antibody treatment but to a lower extent compared with HBsAg
(average fold changes at 21 dpi of 0.26 log), for 20 mg/kg and
0.49 log,, for 50 mg/kg; Fig. 7 B). Serum titers of human al-
bumin remained unchanged during the monitoring period
(Fig. 7 D), indicating that engraftments were stable and not
affected by treatments.

Discussion

In chronic HBV infection, most HBsAg-specific B cells are
atypical memory lymphocytes presenting several B cell dys-
functions such as an altered capacity to differentiate into
antibody-producing cells and thus, to potentially produce HBV
neutralizing antibodies (Burton et al., 2018; Salimzadeh et al.,
2018). In contrast, circulating B cells in individuals who resolved
the infection, both during the acute and chronic phase, secrete
HBsAg antibodies likely participating in the seroconversion
(Salimzadeh et al., 2018; Xu et al., 2015). To characterize mem-
ory B cells directed against the HBsAgs in immune donors, we
investigated the molecular and functional properties of recom-
binant human antibodies cloned from single S-HBsAg-specific
IgG* B cells circulating in the blood of HBV controllers and
vaccinees. Our study reveals that despite a moderate enrich-
ment in Vyl-Jy4-encoding clones, circulating S-HBsAg-specific
memory B cells from HBV controllers, but also from vaccinees,
express a diverse gene repertoire of Ig recognizing mostly con-
formational epitopes on the HBV surface glycoproteins. The
majority of anti-HBs IgGs cloned from controllers could neu-
tralize HBV in vitro, with some being active at very low con-
centrations, including against HDV infection. Potent
neutralizers evaluated in vivo also showed antiviral effects by
decreasing both serum HBsAg level and HBV viremia, sug-
gesting that in infected humans, these antibodies can be func-
tionally important. Most HBV neutralizing antibodies were
broadly reactive against various viral genotypes. The majority
recognized epitopes of the “a” determinant including a main
region, spanning the cysteine 138 to 147, recognized by the
potent cross-neutralizing antibody Bcl.187, albeit others were
also mapped outside the antigenic loop. A single passive infu-
sion of Bcl.187 was particularly effective in vivo in a mouse
model of chronic HBV infection to completely suppress for a
few days serum HBsAg and HBV viremia. Interestingly, the GL
version of Bcl.187 could still bind and neutralize HBV with an
ICs0 <0.1 pug/ml. This suggests that B cell precursors expressing
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such Ig could rapidly affinity mature and thus be readily active
in neutralizing HBV. Although neutralizing antibodies to the
preSl domain not investigated here might develop in HBV
controllers, our data argue in favor of an essential role of anti-
HBs antibodies in clearing the infection.

Current therapies for treating chronic HBV infection include
potent direct antivirals and polyethylene glycol (PEG)-IFN-a.
However, antiviral treatments have no significant impact on the
serum HBsAg levels due principally to the production of subviral
particles from HBV covalently closed circular DNA mini-
chromosomes or HBV DNA integrated in the host cell genome.
To bypass the immune tolerance observed in chronically in-
fected individuals and induce effective anti-HBV antibody re-
sponses is therefore still a major challenge. One promising
strategy is the development of immunotherapies based on the
use of potent HBV neutralizing antibodies (Corti et al., 2018; Gao
et al,, 2017; Tu and Urban, 2018). Preclinical models in mice and
monkeys, as well as several phase I clinical trials in chronically
infected humans, have shown the in vivo efficacy of neutralizing
HBV monoclonal antibodies, which when administrated in in-
fected recipients altered the course of the infection by sup-
pressing HBsAg and reducing HBV DNA content (Eren et al.,
2000; Galun et al., 2002; Lee et al., 2019; Lever et al., 1990; Li
et al., 2017; van Nunen et al., 2001; Zhang et al., 2016; Zhu et al.,
2016). In this study, we showed using two different mouse
models that treating viremic animals with a potent human
broadly neutralizing antibody had profound effects on HBV in-
fection. First, Bcl.187 therapy induced a rapid loss and/or sub-
stantial decrease in circulating HBsAg and HBV DNA that
persisted in most mice for days to weeks after treatment. Fur-
thermore, in vivo experiments demonstrated that weakly vire-
mic mice could fully clear HBV infection upon Bc1.187 antibody
treatment. Antibodies are versatile immune effectors. Besides
neutralization, they can exert a variety of immunological effec-
tor functions by engaging innate immune cells to eliminate in-
fected cells such as antibody-dependent cellular cytotoxicity,
antibody-dependent cellular phagocytosis, and complement-
dependent cytotoxicity. Complement-dependent cytotoxicity
and antibody-dependent cellular phagocytosis were described in
murine anti-HBs antibody-mediated hepatocyte killing using
in vitro and in vivo systems (Shouval et al., 1982a, b; Tharinger
et al., 2017; Zhang et al., 2016). Moreover, a human neutralizing
HBYV antibody against the preS1 region has been shown to exert
therapeutic activity with sustained virological suppression in
part by eliciting Fc-dependent effector functions including
antibody-dependent cellular cytotoxicity (Li et al., 2017). Simi-
larly, neutralizing anti-HBs antibodies produced by HBV con-
trollers as those we describe very likely opsonize infected
hepatocytes, and may therefore promote their elimination by
effector cells such as Kupffer cells. Finally, antibody therapy by
engaging the host immune system can lead to stimulation of
immune responses, a property better known as vaccine-like ef-
fects (Pelegrin et al., 2015), which could be essential in breaking
HBV-induced immune tolerance. Hence, we propose that in ad-
dition to blocking de novo infection and possibly eliminating
infected hepatocytes via Fc-dependent mechanisms, some of the
potent human broadly neutralizing HBV antibodies identified
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here could be used in chronically infected patients to greatly
reduce serum HBsAg level. Such antibodies could indeed act as a
powerful “antigenic sink,” which, when combined with thera-
pies aiming at restoring the host’s innate and adaptive immune
responses, i.e., INF-a, therapeutic vaccines, TLR agonists, and
checkpoint inhibitors (Fanning et al., 2019; Gehring and Protzer,
2019; Maini and Burton, 2019) could facilitate viral clearance and
eventually lead to long-term control of infection and a functional
HBV cure. Besides their therapeutic potential, human HBV
neutralizing antibodies could also serve as efficient alternatives
for polyclonal hepatitis B Ig used in pre- and post-exposure
prophylactic settings such as for preventing mother-to-child
transmission (Corti et al., 2018).

Materials and methods

Human samples

Blood samples from HBV vaccinees and chronically HBV-
infected individuals who experienced a spontaneous HBsAg/
anti-HBs seroconversion (controllers) were obtained from the
healthy donors cohort of the Investigation Clinique et Accés aux
Ressources Biologiques biobanking platform (Institut Pasteur)
under the CoSimmGen protocol approved by the French Agence
Nationale de Sécurité du Médicament on May 24, 2012, and the
Comité de Protection des Personnes on January 17, 2014. The
main clinical-biological characteristics of the donors are sum-
marized in Table S1. All samples from HBV vaccinees and se-
roconverters were obtained as part of the clinical research
protocol Réponses Anticorps Protectrices contre 'Infection par
le Virus de 'Hépatite B (RAPIVIB) performed in accordance with
and after ethical approval from all the French legislation and
regulation authorities. The RAPIVIB protocol received approval
from the Comité de Recherche Clinique of the Institut Pasteur on
July 30, 2015 (2014-058), the Agence Nationale de Sécurité du
Médicament on April 29, 2015 (150457B-41), and the Comité de
Protection des Personnes Ile-de-France III on June 10, 2015
(2015-100220-49/3267). The protocol was subjected to the MR-
001 reference methodology of the Commission Nationale de
I'Informatique et des Libertés. All donors gave written consent
to participate in this study, and data were collected under
pseudo-anonymized conditions using subject coding. Peripheral
blood mononuclear cells (PBMCs) were isolated from donors’
blood using Ficoll Plaque Plus (GE Healthcare), and plasma or
serum IgG antibodies were purified by batch/gravity-flow af-
finity chromatography using protein G sepharose 4 fast flow
beads (GE Healthcare).

Antigens and antibody controls

nS-HBsAg purified from infected subjects and rS-HBsAg par-
ticles (ayw subtype) were prepared and biotinylated by Roche.
Recombinant HBsAg particles (ayw) were produced in Chinese
hamster ovary cells (Aventis Pasteur; Michel et al., 1984). Adw-
subtype HBsAg particles (HBV genotype A) were produced in
the yeast Pichia pastoris expression system, and purified (<95%
purity) at the Center for Genetic Engineering and Biotechnology
production facilities (Havana, Cuba; a kind gift from J. Aguilar).
Consensus genotype-specific S-HBsAg fragments were
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constructed by multiple amino acid alignment of individual HBV
genotypic sequences (A, n = 205; B, n =495, C,n = 1,322; D, n =
382;E,n=314;F,n=27;G,n=6; H,n=40;,n = 7) using CLC
Main Workbench 7 software (v7.5.3, QIAGEN Aarhus A/S; see
Fig. S5 A). Codon-optimized nucleotide fragments encoding the
consensus S-HBsAg, a G3S linker, 10xHis-, and Avi-tags were
cloned into a pcDNA 3.1/Zeo(*) expression vector (Thermo Fisher
Scientific) using Anza 5 and 11 restriction enzymes (Thermo
Fisher Scientific). For mutant proteins, single point mutations
(T126A, M133T, Y134V, G145R, and N146S) were introduced into
the construct using the QuickChange Site-Directed Mutagenesis
kit (Agilent Technologies) following the manufacturer’s in-
structions. For the production of the TM domains-deleted
S-HBsAg protein (ATM-S-HBsAg), the same construct but with
the S-HBsAg DNA fragment lacking TM1, TM3, and TM4 do-
mains, and having the TM2 replaced by a (GsS)s linker, was
generated. Disulfide-bridged S-HBs/D 122-137 (RTCTTTAQGTS-
MYPSC) and 139-148 (CTKPSDGNCT) loop peptides, and 3 amino
acids-overlapping 12-mer peptides (n = 24) encompassing the
entire ConsD S-HBsAg region but one TM domain 2 peptide with
high hydrophobicity (IFLFILLLCLIF), were synthetized and de-
salted (GenScript HK Limited). Non-HBV antibody mGO53
(Wardemann et al., 2003) was used as isotype control. As posi-
tive control, neutralizing murine HBI antibody specific to the
119-GPCRTCT-125 linear epitope of the “a” determinant of
S-HBsAg (Kucinskaite-Kodze et al., 2016), was produced as a
chimeric recombinant IgGl with a human Fc using the
expression-cloning system described below. Murine anti-preS2
antibody 1F6 (Kiittner et al., 1999) was produced as chimeric
human Fab fragments to be used for detection of bound subviral
particles in the alanine scan mapping described below.

Single B cell FACS and expression-cloning of antibodies

Peripheral blood human B cells were isolated from donors’
PBMCs by CD19 MACS (Miltenyi Biotec), and stained with
LIVE/DEAD fixable dead cell stain kit (Thermo Fisher Scientific).
Purified B cells were then incubated for 30 min at 4°C with 1 pg
of biotinylated rS-HBsAg or nS-HBsAg antigens, washed with 1%
FBS-PBS (FACS buffer), and incubated for 30 min at 4°C with a
cocktail of mouse anti-human antibodies (CD19 A700 [HIB19],
IgG BV786 [G18-145], CD27 PE-CF594 [M-T271; BD Biosciences],
IgA FITC [IS11-8E10; Miltenyi Biotec]), and streptavidin R-PE
conjugate (Thermo Fisher Scientific). Stained cells were was-
hed and resuspended in 1 mM EDTA FACS buffer. Single
S-HBs*CD19*IgG* B cells were sorted into 96-well PCR plates
using a FACS Aria III sorter (Becton Dickinson) as previously
described (Tiller et al., 2008). Single-cell cDNA synthesis using
SuperScript IV reverse transcription (Thermo Fisher Scientific)
followed by nested-PCR amplifications of IgH, Igk, and IgA
genes, and sequences analyses for Ig gene features were per-
formed as previously described (Tiller et al., 2008). For the
reversion to GL of the selected antibodies, sequences were
constructed by replacing the mutated Vy-(Dy)-Jg and Vi-Jp
gene segments with their GL counterparts as previously de-
scribed (Mouquet et al., 2012). Purified digested PCR products
were cloned into human Igyl-, Igk-, or IgA-expressing vectors
as previously described (Tiller et al., 2008). Murine Igy2- and
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Igk-expression vectors were generated from the original IgGl-
expression vectors (Tiller et al., 2008) by substituting the DNA
sequences coding for the human Igy1/Igr constant regions by the
ones of the mouse Igy2- and Igk (synthetic DNA fragment, Ge-
neArt, Thermo Fisher Scientific), and then used for the cloning
of chimeric mGO53 and Bcl.187 antibodies. Recombinant anti-
bodies were produced by transient cotransfection of Freestyle
293-F suspension cells (Thermo Fisher Scientific) using the
polyethylenimine (PEI)-precipitation method as previously de-
scribed (Lorin and Mougquet, 2015). Recombinant human IgG
antibodies were purified by protein G affinity chromatography
(Protein G Sepharose 4 Fast Flow, GE Healthcare). Purified an-
tibodies were dialyzed against PBS. Preparations for in vivo
infusions were micro-filtered (Ultrafree-CL devices - 0.1 pm
polyvinylidene difluoride membrane, Merck-Millipore), and
checked for endotoxins levels using the ToxinSensor Chromo-
genic LAL Endotoxin Assay Kit (GenScript).

ELISAs

ELISAs were performed as previously described (Planchais et al.,
2019). Briefly, high-binding 96-well ELISA plates (Costar,
Corning) were coated overnight with purified rS-HBsAg and nS-
HBsAg (125 ng/well in PBS). After washings with 0.05% Tween
20-PBS (PBST), plates were blocked 2 h with 2% BSA, 1 mM
EDTA-PBST (Blocking solution), washed, and incubated with
serially diluted purified serum IgG and recombinant monoclonal
antibodies in PBS. For sandwich ELISAs, plates were coated
overnight with purified IgG antibodies (250 ng/well in PBS) and
treated as aforementioned before incubation with biotylinated-
rS-HBsAg (100 ng/well in PBS). After washings, plates were
revealed by addition of goat HRP-conjugated anti-human IgG or
HRP-conjugated streptavidin (0.8 pg/ml final in blocking solu-
tion, Immunology Jackson ImmunoReseach) and HRP chromo-
genic substrate (ABTS solution, Euromedex). For competition
ELISAs, purified antibodies were biotinylated using the EZ-Link
Sulfo-NHS-Biotin kit (Thermo Fisher Scientific). rS-HBsAg-coated
plates were blocked, washed, incubated for 2 h with biotinylated
antibodies (at a concentration 0.33 nM) in 1:2 serially diluted
solutions of antibody competitors in PBS (IgG concentration
range from 0.83 to 106.7 nM), and revealed using HRP-
conjugated streptavidin. Experiments were performed using a
HydroSpeed microplate washer and Sunrise microplate absor-
bance reader (Tecan Ménnedorf), with OD,osnm. Binding of anti-
HBs antibodies to cyclic and overlapping linear peptides was
tested using the same procedure as previously described
(Mougquet et al., 2006). All antibodies were tested in duplicate or
triplicate in at least two independent experiments, which in-
cluded mGO53 negative and appropriate positive controls.

HBV neutralization assay

HepaRG and HepG2.2.15 cell lines were obtained, respectively,
from Biopredic International and Dr. Michael Nassal (University
Hospital Freiburg, Freiburg, Germany). HepaRG cells were cul-
tured in Williams E medium (Gibco, Thermo Fisher Scientific)
supplemented with 10% HepaRG growth supplement (Bio-
predic), and differentiated using 1.8% DMSO for at least 2 wk
before infection. PHHs isolated from chimeric uPA/SCID mice
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with humanized livers by a collagenase perfusion method
(Tateno et al., 2015) were obtained from PhoenixBio. PHHs were
plated on type I collagen-coated 96-well plates at a concentration
of 7 x 10* cells per well in culture media provided by Phoenix
Bio. HBV genotype D viruses were produced in HepG2.2.15 cell
culture supernatant and concentrated using PEG precipitation
(Hantz et al., 2009). HBV viruses from genotypes A to C were
purified from HBV-containing serum (American Red Cross) by
gradient ultracentrifugation. Briefly, 1.5 ml of serum was applied
on an OptiPrep gradient (10-50%, Sigma-Aldrich) and centri-
fuged at 32,000 rpm for 3 h at 4°C. Fractions (2 ml) were col-
lected and analyzed for HBsAg antigen expression using the
HBsAg CLIA Kit (Autobio) and quantitative PCR quantification.
Whole genome sequences of all purified virus isolates were
obtained by ultra-deep sequencing (DDL Diagnostic Laboratory),
and HBV genotypes were determined using the Hepatitis B Virus
database HBVdb (http://hbvdb.ibep.fr; Hayer et al., 2013). The
neutralizing activity of HBV antibodies was evaluated by incu-
bating HBV virions (multiplicity of infection, 20-30) with seri-
ally diluted antibodies in HepaRG or PHH complete media for 1h
at room temperature. HBV-antibody mixtures were then added
to the cells in 96-well plates with a final concentration of 4% PEG
8000 (Sigma-Aldrich). Infected cells were incubated for 20 h
at 37°C, and then washed four times with PBS to remove the
HBV inoculum and refilled with complete media. 6 dpi, in-
supernatant HBsAg antigen content was quantified using the
HBsAg CLIA Kit (Autobio) according to the manufacturer’s
instructions.

HDV neutralization assay

In vitro neutralization assays were conducted using the HDV
model as previously described (Sureau, 2010), except that so-
dium taurocholate cotransporting polypeptide-expressing Huh-
106 cells substituted for HepaRG cells (Verrier et al., 2016). At
day 1 after seeding, Huh-106 cells (10° cells/16.5-mm-diameter
well) were exposed to 5 x 107 genome equivalents of HDV virions
for 16 h, in the presence of 4% PEG 8000. To assay neutraliza-
tion, the inoculums were mixed with 1:2 dilutions of 500 ng/ml
of monoclonal antibodies, and the mixture was incubated for 1 h
at 37°C before inoculation. Cells were harvested at 9 d after in-
oculation for measurement of intracellular HDV RNA that
served as a marker of infection. HDV RNA signals were detected
by Northern blot analysis using a 32P-labeled RNA probe and
quantified using a phosphorimager instrument (BAS-1800 IJ;
Fuji).

Flow cytometry binding assay

Freestyle 293-F were transfected with S-HBs-encoding vectors
(0.65 pg plasmid DNA per 106 cells) using the PEI-precipitation
method as previously described (Lorin and Mouquet, 2015). 48 h
after transfection, transfected and nontransfected control cells
were fixed and permeabilized using Cytofix/Cytoperm solution
kit (BD Biosciences), and 0.5 x 10 cells were incubated with IgG
antibodies for 45 min at 4°C (10 pg/ml, except if specified oth-
erwise, in Perm/Wash solution; BD Biosciences). After wash-
ings, cells were incubated 20 min at 4°C with AF647-conjugated
goat anti-human IgG antibodies (1:1,000 dilution; Thermo Fisher
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Scientific), washed, and resuspended in PBS. Data were acquired
using a CytoFLEX flow cytometer (Beckman Coulter) and ana-
lyzed using FlowJo software (v10.3; FlowJo LLC).

Alanine scan mapping

HBV subviral particles bearing wild-type or alanine mutant L-,
M-, and S-HBsAg proteins were produced by transfection of
Huh-7 cells with pT7HB2.7 plasmid or mutant derivatives using
FuGENE 6 reagent (Roche) as previously described (Salisse and
Sureau, 2009). High-binding 96-well ELISA plates (Costar,
Corning) were coated overnight with purified human anti-HBs
antibodies (0.5 pg/well in PBS). After PBST washings and a
2 h-blocking step, plates were incubated 2 h with culture su-
pernatants containing wild-type and mutant HBV envelope
proteins. After washings, plates were incubated for 1 h with
purified His-tagged anti-preS2 1F6 Fab fragments (125 ng/well).
Wells were washed before addition of rabbit HRP-conjugated
anti-6xHis-tag antibodies (1:4,000-diluted in blocking solution,
ab1187, Abcam) and HRP chromogenic substrate (ABTS solution,
Euromedex) as described above. Percentage of binding was cal-
culated following the formula ([OD]™utant / [OD]wild-type) x 100.

Protein microarrays

All experiments were performed at 4°C using ProtoArray Hu-
man Protein Microarrays (Thermo Fisher Scientific). Micro-
arrays were blocked for 1 h in blocking solution (Thermo Fisher
Scientific), washed, and incubated for 1 h 30 min with IgG an-
tibodies at 2.5 pug/ml as previously described (Planchais et al.,
2019). After washings, arrays were incubated for 1 h 30 min with
AF647-conjugated goat anti-human IgG antibodies (at 1 pg/ml in
PBS; Thermo Fisher Scientific), and revealed using GenePix
4000B microarray scanner (Molecular Devices) and GenePix Pro
6.0 software (Molecular Devices) as previously described
(Planchais et al., 2019). Fluorescence intensities were quantified
using Spotxel software (SICASYS Software GmbH), and mean
fluorescence intensity signals for each antibody (from duplicate
protein spots) were plotted against the reference antibody
mGO53 (non-polyreactive isotype control) using GraphPad
Prism software (v8.1.2, GraphPad Prism Inc.). For each antibody,
Z-scores were calculated using ProtoArray Prospector software
(v5.2.3, Thermo Fisher Scientific), and deviation (o) to the diagonal,
and polyreactivity index (PI) values were calculated as previously
described (Planchais et al., 2019). Antibodies were defined as pol-
yreactive when PI >0.21.

HEp-2 cell binding assays

Binding of human anti-HBs and control monoclonal IgG anti-
bodies (mGO53 and ED38; Meffre et al., 2004; Wardemann et al.,
2003) to HEp-2 cell-expressing autoantigens was analyzed at
50 ug/ml by ELISA (AESKULISA ANA-HEp-2, Aesku.Diag-
nostics), and indirect immunofluorescence assay (IFA; ANA
HEp-2 AeskuSlides, Aesku.Diagnostics) following the manu-
facturer’s instructions. IFA sections were examined using the
fluorescence microscope Axio Imager 2 (Zeiss), and pictures
were taken at magnification x40 with 5,000 ms-acquisition
using ZEN imaging software (Zen 2.0 blue version, Zeiss) at
the Photonic Biolmaging platform (Institut Pasteur).
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HBV-AAV mouse model

HBV infection was established in 6-8-wk-old C57BL/6 mice
(Janvier Labs) by a single i.v. injection (retro-orbital venous si-
nus) of 5 x 10° viral genome of an adeno-associated virus se-
rotype 2/8 carrying a replication competent HBV-DNA genome
(Dion et al., 2013). Virus stocks were produced and titrated as
virus genome equivalents by the Centre de Production de Vec-
teurs Viraux (Institut National de la Santé et de la Recherche
Médicale [INSERM] U1089, Nantes, France). 6 wk after trans-
duction, antibodies (0.25, 0.5, or 1 mg per injection per mouse)
were administrated intravenously to HBV-carrier mice. Blood
samples were collected and stored at -20°C. Serum HBsAg and
HBeAg levels were determined using Monolisa S-HBsAg ULTRA
(Bio-Rad) ELISA kits and ETI-EBK Plus NOI140 (Diasorin SA),
respectively. Concentrations were calculated by reference to
standard curves established with known concentrations of
HBsAg (Architect HBsAg Calibrators, Abbott) and of the Paul-
Ehrlich-Institut standard and are expressed in IU per milliliter
and PEI units per milliliter, respectively. HBV DNA was purified
from mouse sera using QlAamp Blood Mini kits (Qiagen), and
quantified by quantitative PCR as previously described (Cougot
et al.,, 2012). Serial dilutions of the paywl.2 plasmid containing
1.2 copies of HBV genome were used as quantification standards.
Results are expressed in IU per milliliter with a detection
threshold at 1,000 IU/ml. Concentrations of human IgGs in
mouse sera were determined by ELISA as previously described
(Tiller et al., 2008). ADA titers were measured by ELISA as de-
scribed above but using anti-HBs IgG-coated plates, and HRP-
conjugated anti-mouse IgG antibodies (0.8 pg/ml final in
blocking solution, Immunology Jackson ImmunoReseach). All
experimental animal protocols have been reviewed and ap-
proved by the institutional animal care committee of Institut
Pasteur for compliance with the French and European regulations
on Animal Welfare and validated by the French Ministry of Ed-
ucation and Research (APAFIS no. 15408-2018060517005070 v1).
All experiments with HBV infections were performed in an A3
animal facility (Institut Pasteur).

HBV-infected HUHEP mouse model

To generate the HUHEP model, BALB/c Rag2~/-IL-2Ryc™/~
NOD.sirpa uPA'¢/t¢ (BRGS-uPA) mice were intrasplenically
injected with 7 x 10° freshly thawed HUHEP (BD Biosciences;
Strick-Marchand et al., 2015). Liver chimerism was deter-
mined on plasma samples with a species-specific human al-
bumin ELISA (Bethyl Laboratories), and HUHEP mice with
2100 pg/ml human albumin were intraperitoneally infected
with 107 HBV genome equivalents (Dusseaux et al., 2017).
HBV-infected mice with >10°> HBV DNA copies/ml were given
an intraperitoneal injection of either Bcl.187 or an isotype
control (mGO53) IgG every 3-4 d at 20 mg/kg mouse, or every
week at 1 mg/mouse, or Entecavir 0.3 mg/kg/d (Baraclude,
BMS) delivered in MediDrop Sucralose (Clear H,0) by mouth.
For the rebound phase, mice were returned to drinking water.
Plasma HBV DNA and HBsAg quantifications were determined
as described above for the AAV-HBV model. Blood HbeAg was
quantified with the Monolisa HBeAg ULTRA (Bio-Rad) ELISA
kit. Animals were housed in isolators under pathogen-free
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conditions with human care. Experiments were approved by
an institutional ethical committee at the Institut Pasteur
(Paris, France), and validated by the French Ministry of Ed-
ucation and Research (MENESR no. 02162.02).

Statistics

For Ig gene repertoire analyses, groups were compared using
two-sided 2 x 2 and 2 x 5 Fisher’s exact tests. The numbers of Vy,
Vi, and VA mutations were compared across groups of anti-
bodies using the unpaired Student t test with Welch'’s correction.
The volcano plot analysis was performed by comparing 206
individual antibody gene features between groups, and report-
ing for each parameter the Amean (x axis) and the -logj, P
values given by the two-sided 2 x 2 Fisher’s exact test (y axis).
Statistical analyses were performed using GraphPad Prism
software (v8.1.2, GraphPad Prism Inc.), and SISA online tools for
the 2 x 5 Fisher test (http://www.quantitativeskills.com/sisa).

Online supplemental material

Fig. S1 shows the binding of purified serum IgGs and blood IgG*
memory B cells to S-HBsAg. Fig. S2 shows S-HBsAg the reac-
tivity of S-HBsAg-captured IgG* memory B cell antibodies. Fig.
S3 shows the in vitro HBV neutralizing activity of human anti-
HBs antibodies. Fig. S4 shows the binding of HBV neutralizing
antibodies to recombinant serotype-specific S-HBsAg. Fig. S5
shows the cross-reactivity of HBV neutralizing antibodies against
genotype-specific and mutant S-HBsAg proteins. Table Sl lists the
clinical and immunovirological characteristics of the HBV immune
donors. Table S2 lists the Ig gene features and HBV neutralization
ICs, values of human anti-HBs antibodies.
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Figure S1. Binding of purified serum IgGs and blood IgG* memory B cells to S-HBsAg. Related to Fig. 1. (A) Representative ELISA graphs showing the
reactivity of purified serum IgG antibodies from HBV vaccinees (HBVv) and controllers (HBVc) against rS-HBsAg and human-derived nS-HBsAg particles. Error
bars indicate the SEM of duplicate values. (B) Flow-cytometric cytograms showing the gating strategy used to single-cell sort IgG* memory B cells binding to
fluorescently labeled rS-HBsAg and nS-HBsAg proteins used as baits. The S-HBsAg-reactive IgG* memory B cell population is shown for all donors. SSC, side
scatter; FSC, forward scatter.
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Figure S2. S-HBsAg reactivity of S-HBsAg-captured IgG* memory B cell antibodies. Related to Fig. 1. (A) Heat map showing the ELISA reactivity against
nS-HBsAg and rS-HBsAg (immobilized and captured) of S-HBsAg-binding memory antibodies cloned from HBV vaccinees and controllers. Means of triplicate
OD values are shown. (B) Violin plots showing the cumulative ELISA OD (COD) values for the bindings shown in A. The proportion of HBs-specific antibodies

cloned from S-HBsAg-captured IgG* memory B cells is shown per donor (right).
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Figure S3. In vitro HBV neutralization by human anti-HBs antibodies. Related to Fig. 3. Graphs show neutralization curves of genotype D HBV viruses by
selected human anti-HBs antibodies as measured in vitro using the HepaRG cell assay. The dotted horizontal line indicates 50% neutralization, from which the
ICso value can be derived from the antibody concentration on the x axis. Error bars indicate the SEM of triplicate measurements.
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Figure S4. Binding of HBV neutralizing antibodies to recombinant serotype-specific S-HBsAg. Related to Fig. 4. Representative ELISA graph showing the
binding of selected HBV neutralizing antibodies to purified recombinant adw (straight lines) and ayw (dotted lines) S-HBsAg particles. HB1 and mGO53 are
positive and negative control, respectively. Mean values + SEM of assay duplicates from one or two independent experiments are shown.
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Figure S5. Cross-reactivity of HBV neutralizing antibodies against genotype-specific and mutant S-HBsAg proteins. Related to Fig. 4. (A) Amino acid
alignment of the consensus S-HBsAg protein sequences from different HBV genotypes used in B. Residue variations are highlighted in blue. (B) Cytograms
comparing the reactivity profiles of selected HBV neutralizing antibodies against genotype-specific S-HBsAg. Data represent one of two independent ex-
periments. HB1 and mGO53 are positive and negative control, respectively. Ctr, nontransfected cell control (gray); Fl, fluorescence intensity. (C) Cytograms
comparing the reactivity of selected HBV neutralizing antibodies against genotype D S-HBsAg mutant proteins displaying naturally occurring escape mutations
(T126A, M133T, Y134V, or G145R), or a mutation in the S-HBsAg N-glycosylation site (N146S). Data represent one of two independent experiments. HB1 and
mGO53 are positive and negative control, respectively. Ctr, nontransfected cell control (gray).
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Tables S1 and S2 are provided online as separate Excel files. Table S1 shows clinical and immunovirological characteristics of the
HBV immune donors. Table S2 shows Ig gene repertoire and neutralizing activity of human anti-HBs antibodies.
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